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(54) Title: LAYERED MANIFOLD PRESSURE SWING ADSORPTION DEVICE AND METHOD 

O 

^ (57) Abstract: Rotary PSA systems, both axial and radial flow, with M > 1. provide inteipenetrating. layered manifolds to accom- 
^ modate all of the steps of a complex PSA cycle, suitable with equal compactness for any value of "T^. This aj[qm>ach extends readily 
^ to accomnKxlate a plurality of rotary PSA modules and their cooperating compression machinery within a single layered manifold 
g assembly for a single PSA plant train. The rotary PSA apparatus includes stators diat define fluid ports, which include PSA cy- 
cle sectors, each sector being defined by a light j^uct delivery port, light product withdrawal ports, and light reflux return ports. 
^ Adsorber elements may directly contact one or more of the stators in a fluidly sealing marmer. A PSA method uses the described 
^ apparatus and then supplies at least one feed fluid to pressurize an adsorber sets to substantially a higher pressure to initiate the PSA 
^ cycle. 
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LAYERED MANIFOLD PRESSURE SWING ADSORPTION 
DEVICE AND METHOD 

FIELD 

5 Disclosed embodiments of the invention concern flw^ 

mixture of flxddSy such as oxygen separation from air. o^ 
conducted by pressure swing adsoiption (PSA) using a fluid separation appa 
having layered manifolds, such as a conopact, rotary pressure swing adsorption 
q;)paratus operating at high apparatus cycle frequencies. Narrow channel adsorbers, 
10 reinforced so as to engage directly wi^ valve faces, alsb are described that desirably 
may be used with various embodiments of pressure swing adsorption apparatuses. 

BACKGROUND 

L GenertU PSA Process 

IS Fluid separation fit>m a fluid mixture by pressure swing adsorption is achieved 

by coordinated pressure cycling and flow reversals over an adscn^ber that preferentially 
adsorbs a more readily adsorbed compon^t relative to a less readily adsorbed 
component of the mixture. The total pressure is elevated during intervals of flow in a 
first direction through the adsorber from a first end to a second end of the adsorber, and 

20 is reduced during intervals of flow in the reverse direction. As the cycle is repeated, ihe 
less readily adsorbed component is concentrated in the first direction, while the more 
readily adsorbed component is concentrated in the reverse direction. 

A "light" product, depleted in the more readily adsorbed component and 
enriched in the less readily adsorbed component, is then delivered from the second end ^ 

25 of the adsorber. A "heavy" product enriched in the more strongly adsorbed component 
is exhausted from the first end of the adsorber. The light product usually is the desired 
product to be purified, as in the important examples of oxygen separation over nitrogen- 
selective zeolite adsorbents and hydrogen piurification. The heavy product may be a 
desired product in the exanq)le of nitrogen separation over nitrogen-selective zeolite 

30 adsorbents. Typically, a fluid feed mixture is admitted to the first end of an adsorber 
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and the light product is deUvered from the second end of the adsorber when the pressure 
in that adsorber is elevated to a higher working pressure. The heavy product is 
exhausted from the first end ofthe adsorber at a lower working pressure. In order to 
obtain a highly pure Ught product, a fitiction of the light product or fluid enriched in the 
5 less readily adsorbed component is recycled back to the adsorbers as "light reflux" fluid 
after pressure letdown^ e.g. to perform purge, pressure equalization or repressurization 
steps. 

Hie conventional process for fluid separation by pressure swing adsorption uses 
two or more adsorbers in parallel, with directional valving at each end of each adsorber 

10 to connect the adsorbers in alternating sequence to pressure sources 

establishing the changes of working pressure and flow direction. The basic pressure 
swing adsorption process . inefficiently uses applied energy/because 
. expansion over tiie valves while switching the adsorbers between higher and lower 
. pressures. More sophisticated conventional pressure swing adsorption devices achieve . 

IS some improvement in efficiency by using multiple ''light reflux" steps and btiier process 
refinements, but the valve logic c6nq)lexity based on conventional 2-way valyes is 
greatiy increased. As a result, Apparatus cycle frequencieis are low, with 1 (^cle/minute 
being common, and few commercial devices have cycle frequencies hig|her tiiain 5 
cycles/minute. Furthermore, the cycle frequency with conventional valves and graniilar 

20 adsoibent caimot be greatiy increased, so the adsoibent inventory 

Conventional PSA plants are accordingly bulky and heavy, and there is a neied for much 
more conQ>act PSA technology. 

n. Rotary PSA Technology 
25 SiggeUn (U.S. Patent No. 3,176,446), Mattia (U.S. Patent No. 4,452,612), 

Davidson and Lywood (U.S. Patent No. 4,758,253), Boudet et al. (U.S. Patent No, 
5,133,784), Petit et al. (U.S. Patent No. 5,441,559), Keefer et al. (U.S. Pate^^ 
6,051,050) and Westmeier et al. (former German Democratic Republic patent DD 
259,794 Al) disclose PSA devices using rotary adsorbent bed configurations. Ports for 
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multiple, angularly separated adsorbent beds mounted on a rotor assembly, sweep past 
fixed functional ports for the functions of feed admission, product delivery, exhaust 
discharge and pressure equalization. All ofthese devices use multiple adsoibent beds 
operating sequentially on the same cycle, with multiport distributor rotaiy valves for 

5 controlling fluid flows to, firom and between the adsorbent beds. 

The prior art includes numerous examples of pressure swing adsorption and 
vacuum swing adsorption devices with three adsorbers operating in parallel. Thus, Hay 
(U.S. Patent No. 4,969,935) and Kumar et al. (U.S. Patent No. 5,328,503) disclose 
vacuum adsorption systems ttiat do not achieve continuous operation of compressors 

10 and vacuum pumps connected at all times to one of the three adsorbers. Such operation 
is achieved in other three adsorber examples provided by Tagawa et al. (U.S. Patent No. 
4,781,735), Hay (U.S. Patent No. 5,246,676), and Watson et al.^ (^^^^ 
5,411,528), but in each ofthese latter examples there is some undesirable inversion of 
the ordering of light product withdrawal and light reflux steps sfo that process efficiency 

15 is compromised. £xanq)lesofrotaiy valve contioUed PSA for hydrogm purification 
with six adsorbers in parallel are provided by Keefer (U.S. Patent No. 6^^ 

Some rotary PSA embodiments disclosed by Westmeier et al. (former German 
Democratic Republic patent DD 259,794 Al) and by Keefer et al. (U.S. Patent No. 
6,051,050) have a rotational period that is an integer multiple ''M" of die cycle period 

20 (with M>1). The fixed fimctional ports for each function must then be provided in the 
same multiple ''M*' numencaUy equal to the integer quot^ 

divided by the cycle period, and positioned at equal angular spacing about the rotational 
axis. This approach balances pressure loads on the valve faces, reduces rotor-bearing 
loads, and reduces fixe fiiction of sliding seal surfaces in the valve faces. Frictional 
25 torque and power required to drive the rotor are reduced by at least the factor "l/M**, 
since angular velocity is reduced by the same factor and contact pressure loads of 
balanced seals may be reduced as well. With reduced fiiction, seal Ufe is extended. 
Consequently higher pressure q)pHcations (e.g. hydrogen purification) become more 
practicable for such rotary PSA devices, as seal life typically will be controlled by the * 
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product of sliding velocity (here reduced by the factor "1/M" reflecting the reduction or 
rotational frequency by the same factor) and contact pressure. However, this approach 
encounters the following problems: 

5 • For a given PSA cycle, the number of adsorbers must be 

increased by the factor ''M". Hence the anguliar width of each adsorber must be 
reduced by the same factor ""M", resulting in added cost and complexity if the 
adsorbers are separate fabricated assemblies. Pressure containment, static 
sealing between adsorbers, and porting of the adsorbs to the valve faces in a 

10 rotary PSA system is difficult with a veiy large number of separate adsoifoers. 

Again, this consideration is more critical when the basic PSA process has a 
* large nuniba: of steps and envisages that multiple adsoibers will simultaneously 
undergo each step, as in U.S. Patent No. 6,051,050. 

15 . • As the angular sector allocated to each PSA cycle is 360^/M, 

angular pressure gradients between the PSA cycle steps are steq)ened 
factor "Nf when M > 1 . This makes valve face sealing more difficult, so that 
the pot^tial for cross-leakage between adjacent PSA steps increases. The 
efficiency improvement of reduced sliding Motion with M > 1 may thus be 

20 offset by efficiency loss due to leakage, so that an in[q)ortant challenge will be 

to reduce leakage. 

• Complicated and costly external piping connections in "M" sets 
must be provided to the opposing sides of the ^qpparatus for each process 
25 function with valve ports, while maintaining uniform flow distribution between 

the plurality of fixed ports serving each function. This is much more difficult 
for PSA cycles with a large number of separate steps for feed pressurization, 
countercurrent blowdown, and light reflux as disclosed in U.S. Patent No. 
6,051,050. 
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• Manifoldingof external piping coimections would be ev^ 
complex and costly with M >1 when multiple rotary PSA modules are operated 
in parallel as disclosed in U.S. Patent No. 6,051,050. Very serious difficulties 
5 arise immediately in the complexity and cost of such piping conn^tions, and 

the problem of balancing pressures drops as required to divide the flows for 
each process step (or function) equally between all of the modules operating in 
parallel. These difficulties would render it inopracticable to ina^ 
a few modules in parallel to be operated with a single compression machinery 
10 train, and thus would severely inUbit scaling iq) to very large PSA process 

trains with attractive, economies of scale. 

m. Conventional Adsorbents and Adsorbent Supports 

The conventional method ofsupporting adsorbent dso is problematic. There is 

15 a need for rigid, high-surface-area adsorbent siq)ports that can overcome the limitations 
of granular adsorbent and enable much higher cycle fi:equencies. High-sur&ce-area, 
laminated adsorbers, with the adsoibent supported in thin sheets separated by spacers to 
define flow channels between adjacent sheets, formed typically as stacked assemblies or 
as spiral rolls, have been disclosed by Keefer (U.S. Patent No. -4,968,329 and U.S. 

20 Patent No. 5,082,473, which are incorporated herem by reference). By operating with 
high-surface-area, laminated adsorbers, with the adsorbent supported in thin sheets 
separated by spacers to define flow channels between adjacent sheets, and with the 
adsorbers mounted in a rotor to provide the PSA process valve logic with only one 
moving part, a high firequency PSA cycle can be performed in an extremely compact 

25 ^paratus as disclosed by Keefer et al. U.S. Patent No. 6,05 1 ,050, which is incorporated 
herein by reference. 

Rotary adsorber wheels used in thermal swing adsorption (TS A) processes are 
typically built by spirally winding adsorbent sheet material (e.g. adsorbent impregnated 
paper) about the rotor hub in corrugated layers. Adjacent layers in the spiral roll are 
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separated by the corrugations. The corrugations define a large number of distinct flow 
channels between the two faces of the wheel, which contact feed and regeneratioh zones 
in distinct angular sectors sq)arated by a sealing partition. The flow channels are 
typically several millimeters in cross-sectional height and wid^^ Each flow channel 
S acts as a distinct adsoiber, being sepanited fixim the neigfhboi^ 

corrugations extending between adjacent adsorbent sheets in the spirally rolled rotor. 
This ^proach has been successM for TS A processes operating at low frequencies and 
with minimal pressure differences between the feed and regeneration zones. 

Rotary adsoiber wheels to be used in Mgb performance PSA pn)cesses are 

10 subjected to large pressure gradients between flie hig|b-pressure adsorption and low- 
pressure regeneration zones. To achieve desirable hig^ frequency operation for bulk 
separation applications, such as oxygen enrichment from air, the flow chaimels must be 
extremely iiarrow, e.g. less than 0.5 millimeters and preferably about 0.2 millimeters 
cross-sectional hdgiht for cycle p^ods of about one second. The channels must be 

IS manufactured with high precision to miiiiniize channeling, and fluid leaks between 
adjacent adsorbers must be niiniinized. 

To avoid mechanical abradon and flow erosion of fine paraUel passage adsoi)^ 
structures, individual adsorbers have been assembled as ''adsorbent 
fliin adsorbent sheets and spacers, as set forth by Keefer U.S. Patent No. 4,702,973, 

20 6,051,050, and Keefer etal in co-pending application 'Notary Pressure Swiiig 
Adsorption Apparatus," application No. 09/591,275, the disclosures of vAnch are 
incorporated herein by reference. Embodiments also are disclosed in applicants' co- 
pending appKcation in which a multipUcity of adsorbers is fonned m 
spirally rolled adsorbent laminate body, with ribbed spacers extending axially between 

25 adjacent sheets so as to define narrow flow channels, which serve as distinct adsorbers 
that are ported at opposite ends to the rotary valve faces. The assignee's copending 
application, entitled "Life Siq)port Oxygen Concentrator," application No. 09/733,606, 
also is incorporated herein by reference. 
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Despite the technology discussed above, there still is a need for compact PSA 
apparatuses, such as compact, rotary PSA apparatus operable at high apparatus and PSA 
cycle jfrequencies. Improved adsorbers for use with such devices also are needed, 

5 SUMMARY 

Embodiments of an q)paratus and method useful for PSA separation of a fluid 
from a fluid mixture containing a more readily adsoibed component and a less readily 
adsorbed component are described. The more readily adsorbed component is 
preferentially adsorbcfd from a feed fluid mixture by an adsorbent material under 

10 increase of pressure, so as to sq>arate from the fluid mixture a heavy pixnluct fluid 

enriched in the more readily adsorbed component, and a light product fluid enriched in 
the less readily adsoibed component and dq^leted in the more readily adsoi^ 
conqwnent The PSA apparatus may be combined with other devices to fb 
For example, systems can be formed that include, for example, compression machinery 

15 and/or vacuum machinery cooperating with a number "fT of individual adsorbens or 
''adsorbers'' mounted in a rotary PSA module using rotary distribmor yalyes^ As 
another example, the PS A apparatus may be coupled to other devices, such as fiiel cells 
for the automotive industry, or to oxygen delivery and monitoring equipment to 
tnedical oxygen generation. 

20 liXLportant aspects of tibie invention may be categori^^ 

PSA process is implemented substantially discretely or substantially continuously . The 
distinction is made in considering the steps of the PSA cycle in which the adsorbers are 
undergoing pressurization or depressurization steps. Here, the pressurization and 
depressurization steps include feed pressurization steps, product pressurization steps, 

25 countercurrent blowdown steps, cocurrent blowdown, and equalization steps. 

Li one category of embodiments, the PSA process is realized discretelv by usmg 
a finite number ''n" of adsorbers to implement the PSA cycle, such that one and only 
one adsorber at any typical instant wiU be imdergoing each pressurization or 
depressurization step of the PSA cycle. Hence^ one adsoiber at a time is 
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communicating to a stator function port for any pressurization or dq^ressurization step, 
and the pressure in that function port is changing along with the working pressure in 
that adsorber over the duration of that step. At the end of the step, that adsorber will be 
removed &om fluid communication with that function port, while another adsorber wiD 

: 5 be connected to the function port to undergo the same step (either immediately or after 
a delay interval). The number "n" of adsorbers corresponds approximately to the 
number of steps of the PSA cycle, noting that the PSA cycle could be arranged for one 
. or a plurality of adsoibers to simultaneously unda*go the higihpressu^ 

and likewise one or a plurality of adsorbers to simultaneously undergo ttle low pressure 

10 purge stq> of the cycle. 

Li another category of embodiments (introduced m U.S. Patent No. 6,051,050), 
&e PSA process is realized substantially continuously by using a much larger number 
'V of adsorbers to implemeint the PSA cycle, such that a plurality of ad^rbm at any 
typicd instant may in phased sequence be undergoinig a pressurization or 

15 depressurization stq) of the PSA cycle. The working pressure in the function port of 
the pressurization or depressurization step will be approximately constant, even as the 
working pressure in each adsorber changes while undergoing that step. Aflupttling 
restriction (that may be provided by a narrow clearance between the matching faces of 
the rotor and the stator adjacent that fimctidn port in the stator) is needed so that the 

20 pressure change of the pressurization or dqjressurization step for each adsoib 

achieved relatively smoothly^ while pulsations of the working pressure in flie function 
port of that step are moderated. If a larger number of adsorbers ' V(evenly spaced 
about the circumference of the rotor) can be provided, pressmre ptdsations in the 
function ports will be further reduced and the PSA process will more closely 

25 approximate a continuous process. As "tf' approaches infinity, the process becomes 
truly continuous. 

In the present invention, a PSA cycle defined for adsorbers is performed on 
a larger number ''N" of adsorbers cooperating in the same PS A cycle and in a rotary 
PSA module. Defining **M*' to be an integer, the number "N" of adsorbers in a rotary 
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PSA module of the disclosed embodiments is the product ( N = n X M) where "n" is a 
number of "adsorber sets" which co-operate in a PSA cycle that is defined for "n" 
adsorbers, and "NT' is the number of adsorbers in each adsorber set In a rotary 
module according to the invention, the adsorbers belonging to each adsorber set are 
5 spaced angularly apart by an angle SeO^'/M. 

Plural individual laminate adsorbers (either spiral wound rolls or layered 
blocks) may be used, or a single spiral roll laminate adsorber assembly may be divided 
into angular segments functioning with sq)arately phased working pressures as 
independent adsorbers. The present invention further provides examples of spiral 
10 rolled adsorbers divided by longitudinal chaxmel spacers into a very large number of 
chaiinels which each function as a distinct adsorber, so as to achieve a nearly 
continuous PSA process. 

Plural rotary adsorber modules may be used with a commoii layered manifold 
structure, applicable with any number of modules to very large PSA plants with the 
15 largest capacity rating of single PSA plant trains limited only by the largest capacity 
ratings of qipUcable coiiq>re^(m turbomachinery. 

IMsclosed embodiments of file presoat inventii^^ 
operatioii, e.g., generally greater than 25 cycles/minute, and preferably hundreds of 
cycles/minute, of pressure swing and vacuum swing adsorption processes^ with high 
20 energy efficiency and with compact machinery oflowcsqpital cost The inveaition 
applies in particular to separation of air into its various fluid constituents. 

L Described Embodiments of Adsorber Elements 

One of the described improvements conceim densifying and str^ 
25 ends of the adsorber elements, so that the adsorbent laminate structure can engage 
directly rotary valve faces without excessive abrasion or erosion of the fragile 
adsorbent, while enduring the large amplitude, cyclic pressure gradients of a high 
frequency PSA cycle. Whilepreservinghighlypreciseuiiiformity of theflow^c^ 
porting into the valve faces so as to prevent chaimeling, the ends of the adsorbers ar^^ 
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filled around the flow channels so as to provide sufficient material to resist cross-port 
leakage between the channels in the valve face clearance. By allowing a Very large 
number of channels fimctioning as distinct adsorbers with tolerable lea^ 
improvements facilitate the use of PSA configurations with M > 1 . These 
5 improvements also enable the practicable use of spirally rolled adsoifeere, without 
complex and bulky structure external to the adsorbers for pressure containment and 
partitioning of the individual adsorbers. 

In preferred embodiments of the invention, the adsorbent is supported in the 
form of layered adsoibent or "adsorbent laminate," formed fi-om flexible adsoibent 

10 sheets. Theadsoibent sheets are thin sheets of adsoibent with a composite 

reinforcement, or as thin foils with the adsorbent Flow channels are established by 
spacers fornung parallel channels between adjacent pairs of sheets. The channel width 
between adjacent adsoiribent sheets of the experimental adsorbers has been in the range 
of 50% to 1 00% of the adsorbent sheet thickness. This ^adsorbent laminate" 

15 configuration has much lower pressure drop than packed beds, and avoids the 

fluidization problem of packed beds. The adsoibent sheets are typically in the range of 
100 to 175 microns thick. 

The sheet-laminate provides desirable compliance to accommodate stacking or 
rolling errors. Spacer systenis provide (he necessary stability against unrestrained 

20 deflections or distortions that would degrade the uniformity of the flow channels 
between adjacent layers of adsorbent sheet 

n. Described Embodiments of a PSA Apparatus 
Disclosed embodiments of tte apparatus fiiriher a^ 
25 PSA systiems (both axial and radial flow) with M > 1 by providing layered manifolds 
(wi& interpenetrating ducts to coniiect individual manifold layers to 
fimction ports of the PSA module) to accommodate all of the steps of a complex PSA 
cycle, suitable wifli equal compactness for any value of This approach extends 
readily to accommodate a plurality of rotary PSA modules and their cooperating 
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■ compression machinery within a single layered manifold assembly for a single PSA 
plant train. Scale-up of modular PSA equipment to very large single train capacities 
thus becomes practicable, even with relatively small module ratings. 

Embodiments of the described rotary pressure swing adsorption apparatus 
5 having layered, interpenetrating manifolds typically include stators that define plural 
fluid ports, and a rotor, which provides rotational movement relative to the stator(s), to 
rotate plural adsorber elements into and out of fluid communication with the fluid ports. 
Described embodiments also generally include a first manifold for receiving a feed 
fluid. The first manifold is intennittently fluidly coupled via the fluid ports to first ends 
10 of the adsorber elements, which may be annularly arranged in adsoiber sets about the 
axis of rotation. A second mamfold also tnay be intermittently fluidly coupled to first 
ends of the absorber elements in the adsorber sets. The second manifold typicaily 
recdves an exhaust fluid from &e first end of the adsoiber elements thro 
exhaust ports defmed by the stator. 

IS In certain embodiments, first and second annular mamfolds are lay^ed one 

top of file other. The second manifold may receive or deliver fluid through a fluid 
conduit penetratmg through (or around the perimeter of) the first manifolc^ flie 
combination of layered manifolds being referred to herein as interpenetrating manifolds. 
More than two manifolds may be stacked in this layered arrangement, wilh at least two$ 

20 and typically all, of the manifolds in the stack being interpenetrating manifolds. 

The adsoiber elements typicaUy are arranged in adsoiber sets of various 
numbers, such as fix>m 2 to about 20 adsorber sets. Each adsorber set may include 
plural adsoibent elements. For a rotary bed ^aratus, the adsoiber elements may be 
annularly arranged about an axis of rotation such tiiat for "N** adsorbers the angular 

25 spacing of the adsorbors is 360/N. Adsorber elemaits of the adsorber sets sequentially 
receive feed fluid from the first manifold. In particular embodiments, the rotary 
pressure swing adsorption apparatus is used for air separation, such tiiat the feed fluid is 
air, the adsorber elements include a nitrogen-selective zeolite, and the exhaust fluid is 
nitrogen. 
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Described embodiments oif the rotary pressure Bwm 
include stators which define fluid ports defined by the stator circumferentially spaced 
about an axis aiid over a majority of the planar surfaces. Specific embodiments have 
the fluid ports spaced over 360 degrees of the stator. For such embodiments, if there are 

5 "M" fluid delivery or exhaust ports for a specific step of the PSA cycle, such ports may 
be ananged at an angular spacing of 360/M. 

Li particular embodiments of the described apparatus, a second stator defines 
pressure swing adsorption cycle sectors, each sector being defined by a light product 
delivery port, light product withdrawal ports, and light reflux return ports. For example, 

10 there may be three adsorber elonents in a sector, wifli each adsorber element in the 
sector belonging to a different adsorber set. Corresponding adsorbers in different 
sectors each simultaneoiisly may be engaged in a particular portion of the PSA cycle, 
such as initial pressfurization and light product delivery. In such embodiments, light 
refhuc withdrawal ports may be intermittently fluidly coupled 

15 retiun ports. In more particular enibodiments, each sector comprises a light product 
delivery port, a first ligiht reflux withdrawal port, a second light reflux withdrawal port, 
a third ligjit reflux withdrawal port, a third light reflux retum port, a second light reflux 
return port, and a first ligjit reflux return port Huid conduits are provided that may be 
sealingly coupled to the ports as desired to accomplished predetermined functions. For 

20 example, the first light reflux withdrawal port may be fluidly coiq)led to the first li^t 
reflux retum port, flie second light reflux withdrawal port may be fluidly coupled to a 
buffer chamber, the buffer chamber siibsequenfly being fluidly coupled to the second 
light retum port, and the third light reflux withdrawal port may be fluidly coupled to the 
thud light reflux return port Moreover, the fluid ports may be arranged such fliatflie 

25 second ends of the adsorber sets are sequentially fluidly coupled to the first product 
delivery port, the first Ught reflux withdrawal port, the second light reflux withdrawal 
port, the third light reflux withdrawal port, the third light reflux return port, flie second 
light reflux retum port, and the first hg^t reflux retum port. 
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When dealing with a fluid, particularly a gas under pressure, care must be taken 
to minimize fluid leaks. Accordingly, the rotary pressure swmg adsorption apparatus 
may fiirther include seals located adjacent the adsorber elemrat ui'the valve face 
between the rotor and the stator, and positioned effectively to niinimize fluid leaks. 
5 Alternatively, the adsorber elements may directly engage a stator valve &ce with a 
narrow clearance gap so as to achieve a sufficient level of fluid sealing between 
adjacent adsorbers in the rotor and the fimction ports in the stator, using the reinforced 
adsorber elements discusseid herein. 

10 m. Described Embodiments of a PSA Method 

The method comprises providing an embodinieiit of the described apparatus and 
then supplying at least one feed fluid to pressuxize an adsorber element of the ^soiber 
sets to substantially a hig;her pressure to initiate a pressure swing adsorption cycle. 
Relative rotation is established between, e.g., adsorber sets or one or more adsorbent 

15 laminate spiral rolls, and first and second valves so as to define the steps of a PSA cycle 
performed sequentially m each of the adsorber flow channels, while controlling the 
timings of flow at ^edfied total pressure levels between adsorber flow channels and 
compression machinery. This relative rotation is achieved at exactly the cycle frequency 
or at the cycle fi:equency divided by an integer '*Nf In certain disclosed embodiments, the 

20 adsorbent laminate roll is mounted concentrically in a rotor, which rotates relative to a 
stator including the first and second valves. 

A first ligjit product fluid is delivered at substantially the higher pressure. A 
Kght reflux fluid may be withdrawn in portions and each portion used for a 
predetermined function. For example, portions of the light reflux fluid may be 

25 transferred to a buffer chamber. Portions also may be transferred to adjacent fluid inlet 
ports of second ends of adsorber elements in different adsorber sectors to accomplish 
various desired tasks, such as desorption of a heavy component &om the adsorbent 
The method also may include exhausting at least a second product gas at substantially a . 
lower pressure. The apparatus and method allow the assembly of a compact pressure 
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• swing apparatus that can perform process steps at a plxirality of apparatus locations 
simultaneously, and further allows multiple pressure swing adsoiption processes to be 
poformed per revolution of the rotor. 

For particular embodiments of the method^ light reflux fluid is wi& 
5 first, second, and third light reflux portions. The first hght reflux portion is transferred 
to a second end of an adsorber element of a lagging adsorber set, the second light reflux 
fluid portion is transferred to a pressure equalisation portion (e.g., a buffer chamber) of 
the apparatus, and the third light reflux fluid portion is transferred to a second end of an 
adsorber element in a leading adsorber set. The light reflux portions can be divided in 
1 0 this maimer for various reasons, including returning light reflux fluid to purge and 
partially repressurize the adsorber element 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is an axial section view illustrating one embodiment of a rotary PSA 
1 S apparatus housing plural coiiq)act adsorber elements organized in adsorber sets and 
having annular layered, interpenetrating maiiifolds. 

FIG. 2 is a cross sectional view of the ^paratus of FIG. 1 taken along line 2-2 
with n=3 and M'==6 for N=l 8 adsorber elements. 

FIG. 3 is a cross sectional view of flie £q>paratus of FIG, I taken along line 3-3 
20 for embodinients having 1F=3 andM=6 forN-18 adsorber elements. 

FIG. 4 is a cross sectional view of the ^aratus of FIG. 1 taken along line 4-4 
for embodiments having n=3 and M=6 for N=18 adsorber elements. 

FIG. 5 is a cross sectional view of the apparatus of FIG. 1 taken along line 5-5. 
FIG. 6 is a cross sectional view of the apparatus of FIG. 1 taken along line 6-6 
25 for embodiments having n=3 and M=6 for N=l 8 adsorber elements. 

FIG. 7 is a cross sectional view of the apparatus of FIG. 1 taken along line 7-7 
for embodiments haying n=3 and M=6 for N=l 8 adsorber elements. 
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FIG. 8 is a cross sectional view of an apparatus according to FIG. I taken along 
line 7-7 having a centrally located buffer chamber and for embodiments having n=3 and 
M=6 for N=l 8 adsorber elements. 

FIG. 9 is a cross sectional view of the apparatus of FIG. 1 taken along Une 9-9 
5 with n=6 and M=6 for N=36 adsorber elements. 

FIG. 1 0 is a cross sectional view of the q>paratus of FIG. 1 with n=6 and M=6 
for N=36 adsorber elements. 

FIG. 1 1 is a cross sectional view of flie ^aratais of FIG. 1 taken along line 1 1- 
1 1 with n=6 and M=6 for N=36 adsorber elements. 
10 FIG. 12 is a cross sectional view of an onbodiment of the apparatus of FIG. 1 

. taken along line 7-7^ 

FIG. 13 is across sectional view ofa one embodiment of a spirally wound . 
adsoibent laminate sheet 

FIG. 14 is an axial section view illustrating one embodiment of arotary PSA 
15 apparatus with M = 1 and having a spirally woimd adsoiber directly ported to valve 
feces. 

FIG. 15 is a cross sectional view of the apparatus illustrated in FIG. 14 taken 
along line 1 5-15 for an embodiment with M 1 . 

FIG- 1 6 is a cross sectional view of the apparatus illustrated in FIG. 14 taken 
20 Mong lbp 16-16 for an embodiment withM- L 

FIG. 17 is a cross sectional view of the apparatus illustrated in FIG. 14 for an 
embodiinent with M = 3. 

FIG. 1 8 is a cross sectional view of the apparatus illustrated in FIG. 14 for an 
embodiment Vidth M = 3 . 
25 FIG. 1 9 is a cross sectional view illustrating an embodiment of a PS A apparatus 

having interpenetratingly layered manifolds. 

FIG. 20 is a croiss sectioiial view illustrating an embodiment of a PSA apparatus 
having interpenetratmgly layered manifolds. 

FIG. 21 is a cross sectional view illustrating a multiple module PSA system. 
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FIG. 22 is a cross sectional view illustrating a multiple module PSA system. 
FIG. 23 is a cross sectional view illustrating a multiple module PSA system. 
FIG. 24 provides details of an embodiment of an alternative adsorbent laminate 
structure that can be used in combination with the embodiments of the apparatus and 
5 method described herein. 

FIG. 25 provides details of an embodiment of an altCTiative adsorbent laminate 
structure that can be used in combination with the embodiments of the apparatus and 
method described herein. 

FIG. 26 provides details of an embodiment of an alternative adsorbent laminate 
10 structure that can be used in combination with the embodimoits of the apparatus and 
niethod described herein. 

HG. 27 provides details of an embodiment of an alteniative adsoib^ 
structure that can be used in combination with the embodiments of the apparatus and 
method described herein. 
IS FIG. 28 provides details of an embodinient of an alternative adsorbent laminate 

structure fliat can be used in combination with the embodiments of the apparatus and 
mefliod desoibed hereiiL 

FIG. 29 provides details of an embodiment of an alternative adsoibent laininate 
structure diat can be used in combination with the embodiments of the apparatus and 
20 method described herein. 

FIG. 30 provides details of an ^bodiiiient of an alternative adsorbdat laminate 
structure diat can be used in combination with the embodiments of the apparatus and 
method described hereiii. 

FIG. 3 1 provides details of an embodiment of an alternative adsorbent laminate 
25 structure that can be used in combination with the embodiments of the apparatus and 
method described herein. 

FIG. 32 is a cross sectional view of the apparatus of FIG. 1 with n^. and M=6 
for N=36 ad[sorber elements. 
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FIG. 33 is a top, cross-sectional view of a radial flow module with two cycles 
per revplutipn. 

FIG. 34 is a top view of the feed end of the module illustrated m FIG. 33. 
FIG. 35 is a top view of the product end of the module illustrated in FIG. 33. 
FIG. 36 is a cross sectional side view of the module illustrated by FIG. 33 . 

DETAILED DESCRIPTION 

L Introduction 



In a first embodiment, M = 1 so that the compartments for a single cycle extend 
around the full circumference of 360°, and the rotor revolves at exactly the cycle 
frequency. However, the invention may also be applied with M greater than 1 , in which 
case the cycle frequency is M times the rotational frequency, and this full set of 

15 compartments for each cycle is repeated for each arc of 360°M so that for 

step there are M compartments at equal angular spacings separated The flow 

channels of the adsorbent laminate roll preferably have close angular spadngs, so that 
there is a very large number of flow channels functipning as distinct adsoibers to ensure 
that the extemal flows to each step of the PSA process are substantially unifoim in flow 

20 rate and pressure. 

Described embodiments greatly improve the practicability oJf high-cycle- 
frequency, rotary PSA systems with M > 1 . This is particularly true as the device size 
increases. A larger rotor diameter increases the sliding velocities on critical valve seals 
to worsen friction and wear, so tiiat major benefits can be achieved by reducing those 

25 velocities by the factor "Nf especially for applications involving lugher woiking 
jpressures or higher working temperatures which fiir&CT 
life issues. 

The numbo: "N" of adsorbers in a rotary PSA module of the disclosed 
embodimaits is the product (N=nXM) where "n" is a number of "adsorber sets" 
30 which co-operate in a PSA cycle that is defined for "n" adsorbers, and "NT is the 
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number of adsorbers in each adsorber set. In preferred embodiments, n > 2. Examples 
will be described for n = 3 and n = 6. However, otber integer values of "n," such as n =^ 
5, also are highly suitable. 

If the rotor is rotating at a rotational frequency "f * corresponding to a rotational 
5 period "Tr = 1/f the cycle period "T" of the pressure swing adsorption cycle will be 
detemiined as T = Tr /M. The present invention applies to any integer value of M > 1 . 
Hence **M" is the multiple by which the rotational period is increased for given "T". 
For very rapid PSA cycles with short period 'T*' of the order of one second or 
desirable to reduce the rotational frequency so as to reduce seal friction and wear. 

10 The described ^bodiments fecilitate the reduction of rotational fi^uency if 

desired by a relatively large multiplier "M", more than proportionately reducing the 
power required to operate the rotor against fiictional resistance of seals, and greatly 
extending the life of critical seals. The described embodiments entirely overcome the 
problems of extremely complex external piping coimections and possibly imbalanced 

15 flow that would be expected in multiplying the total number of valves requiring external 
coimections by the multiple "M". The d^ribed embodiments fiuihermore enable 
highly compact PSA devices as may be requked for enrichment of oxygen and 
piirificatioh of hydrogen for automotive, fuel cell power plants. The desoibed 
embodiments also address the problems of how to achieve uniform, loading of 

20 compressors and/or vacuum pxunps coupled to a high frequency PSA process, how to 
achieve high process performance in terms of product purity and yield, and how to 
achieve high overall energy efficiency of the process. 

The described PS A processes establish the PS A cycle in each adsorber set, 
within which the total working pressure in each adsorber is cycled between a higher 

25 pressure and a lower pressure of the PSA cycle. The higher pressure is typically 
elevated above atmospheric, and the lower pressure is lower than that of the higher 
pressure, and may conveniently either be atmospheric or subatmospheric. The PSA 
process also provides intermediate pressures between the higher and lower pressure. 
The compression machinery of the ^paratus in graeral includes a feed fluid 
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compressor and a heavy product fluid exhauster. The exhauster may be a vacuum pump 
when the lower pressure is subatraospheric. When the lower pressure is atmospheric, 

the exhauster could be an expander, or else may be replaced by throttle means to 
regulate countercurrent blowdown. 
5 With the described embodiments, the feed compressor typically siq)plies feed 

fluid for feed pressurization of the adsoibers to a first valve. The exhauster typically 
receives heavy product fluid for countercurrent blowdown of the adsorbers from the 
first valve. 

A buffer chamber may be provided to co-operate with the second valve. The 

10 buffer provides tiie "light reflux" function of accepting a portion of the fluid enriched m 
the second component as light reflux fluid from a bed at the higher pressure and during 
cocurrent blowdown to reduce the pressure fix)m the higjier pressure. Thebufifer 
chamber also stores that fluid for a brief interval, and then returns that fluid to the same 
adsorbent bed to provide purge at the lower pressure or to provide light reflux 

15 pressuri2ation to increase the pressure fix>m the Iowa- press The light reflux 
fimction enables production of the light product with high purity. 

For the exanqjles of n = 3 and n = 6, described embodiments perform, for each 
adsorber set, the sequentiaUy rq)eated stq)S within the cycle period 
setting time "t" to start from zao at the beginning of the cycle period "P': 

20 (A) Feed pressurization and productipn. Feed fluid mixture is admitted to 

the first end of the adsorber set during a feed time interval over approximately 1/3 of the 
cycle period (0 < t < T/3), commencmg when the pressure \^ 
first intermediate pressure betwem the lower pressure and the higher pressure, 
pressurizmg the adsorbs set to the higher pressure (step Al , 0 < t < T/6 q)proxirnately), 

25 MdtiiendeKvering light product fluid from the second end (step A^^ 
approximately) at a Ught product deKvery pressure wMch is substantiaU^ 
pressure less minor pressure drops due to flow fiictioiL 

(B) Withdrawing from the second end a first Ught reflux fluid enriched in the 
second component (at about the end of step A2 of hght product deUvery) at 
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approximately the higher pressure during a brief time interval at or near the end of stqp 
A(T/3). 

(C) Equalization to buffer for n = 3 , or directly to another adsorber set in 
1 80° opposite phase for n = 6. While flow at the first end of the adsorber set is stopped 
5 during a cocuirent blowdown time interval following step B, withdrawing a second 
light reflux fluid enriched in the second componmt as light reflux fluid from the second 
end of the adsorber set into the buffer, and depressurizing the adsorber set toward a 
second intermediate pressure between tiie higher pressure and the lower pressure, over a 
time within the uiterval T/3 < f <T/2. 

10 (D) Withdrawing a third light reflux fluid from the second end as purge flow 

for another adsorber set, during a brief time interval at about the end of step C (T^). 

(E) Countercurrent blowdown and exhaust. Exhausting a flow of fluid 
. enriched in the first compon^t from the first end of the adsorber set during an^ ^aust 
time interval (T/2 < t < 5T/6), in step El (T/2 < t < 2T/3) to depressurize the adsorber 

15 set fiTom the second intermediate pressure to the lower pressure, and then in step E2 
(2173 < ST/6) transferririg a flow of fliird light reflux fluid from flie second end of 
another adsorber set (whose phase is lagging by 120^) undergoing step D to purge the 
adsorber set at substantially the lower pressure while continuin 
enriched in the first component as a heavy product fluid. 

20 (F) Equalizing from buffer for 3, or directly from another 

(in 1 80'' opposite phase) undergoing step C for n =^ 6 While flow at Are first end of the 
adsorber set is stopped, second ligjht reflux fluid repressurizes flie adsorber set fix)m 
substantially the lower pressure to the second intermediate pressure over a time within 
flie intCTval 5T/6 < t < T. 

25 (G) At about t == T, admitting a flow of first Hght reflux fluid directly from 

the second end of anbfher adsorber set (whose phase is leading by 120'') undergoing 
step B as backfill fluid to increase adsorber pressure to the first intermediate pressure 
. for the beginning of step A of the next cycle. 
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It wUl be appreciated by tbose or ordinal^ sldll in the art that altemati^^ 
reflux flow patterns maybe used; For example, some or all of the first light rtflux fluid 
from step B could be used to purge another adsorber set during step E. Another 
variation would be to delete steps B and G, or delay step B to follow step A rather than 
5 overlap step A so it acts as a pressure equalization step. 

The process may be controlled by varying the cycle frequency so as to achieve 
desired purity, recovery and flow rates of the light product fluid. Alternatively, the feed 
flow rate and the hght product flow rate may be adjusted at a given cycle frequency, so 
as to achieve desired li^t product purity. Preferably, light product flow rate is adjusted 

10 to maintain delivery pressure in a light product receiver, by simultaneously varying feed 
compressor drive speed and the rotational fi:equency of the PSA module. 

In vacuum embodiments for oxygen enrichment fit>m air, the first mtennediate 
pressure and second uateimediate pressure are typically ^^proximately equal to 
atmospheric pressure, so that the lower pressure is subatmospheric (e.g. about 0.3 to 0.5 

15 bars absolute, while the higher pressure may be in the range of 1.5 to 3 b^ absolute). 
Alternatively, in positive pressure embodiments the lower pressure miay be atmoq>heric. 
In air purification applications, the first component is an impurity fluid or v^our, the 
fluid mixture is iair contaming the impurity, and the light product is purified air. For air 
separation q)plications, the fluid mixture is air, the first component is nitrog^, the 

20 second component is oxygen, this adsorbent material includes a nitrogen-selective 

zeolite, the light product is a fluid eiiriched in oxygen, and the heavy product is ^ fluid 
enriched in nitrogen. Product purity depends on a numb^ of factors, including bofli 
operating parameters, such as cycle speed, operating pressures, operating temperatures, 
zeolites, etc., and output requirCTOients, such as hydrogen purity required for feed to a 

25 fiielceU or purity ofmedical oxygen for a miedical patient The light product purity for 
air sq^aration typicaUy is at least 80%+ oxygen, prefiara^ 
more preferably 95%+ oxygea 
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n. Detailed Apparatus Description Witli Reference To Drawings 

A PSA apparatus 10 as shown in FIG. 1 has an adsorber rotor engaged with a 
stator mutually defining a rotary axis 12. The adsorber rotor includes a number '*N" of 
adsorbers 14 mounted between a first rotor plate 16 and a second rotor plate 18, 
5 mutually attached by tie rods 20 and rotor cover 22. The rotor is driven by a motor 24 
coupled to the fij^t rotor plate by shaft 26. 

The stator includes a first stator portion 28 and a second stator portion 30, which 
are mounted in a fixed alignment relative to axis 12. The first stator portion 28 includes 
a feed manifold chamber 32 ahnularly disposed about the axis 12, and an exhaust 
10 manifold chamber 34 likewise annularly disposed about axis 12. A feed conduit 36 
connects the feed manifold chambo' 32 to an external fluid feed supply, such as a 
compressor. An exhaust conduit 38 connects the exhaust manifold chamber 34 to an 
external exhaust, such as a vacuum pump (if the lower pressure is subatniospheric), to 
atmospheric discharge, or to other disposal for the second product. The second stator 
IS portion 30 is cormected to a light product delivery conduit 40, with the fllustrated feed 
delivery conduit centrally disposed on the axis 12. 

Bach of the adsorbers 14 has a flow path contacting adsorbent material between 
first end 42 and second end 44, respectively seialirigly connected to the first and second 
rotor plates 16 and 18. A first valve face 46 is defined betwera mutually sealing faces 
20 ofthefirst stator portion 28 and the first rotor plate 16. A second valve face 48 is 

defined between mutually seialing faces of the second stator portion 30 and flie second 
rotor plate 1 8. The first end 42 of each adsorber element 14 is in fluid communication 
wifli tiie first valve &ce 46 by a first aperture 50 penetrating the first rotor plate 16. Hie 
second end 44 of each adsorber element 1 4 is in fluid communication with the second 
25 valve face 48 by a isecond aperture 52 penetrating the second rotor plate 18. 

In the particular embodiment of FIG. 1 , the adsorbers 1 4 are formed of a sheet 
material supporting the adsorbent. Spacers define flow chaimels along the flow path. 
The sheet material is wound aroimd a cylindrical core 54 to form a spiral roll 56 of 
adsorbent extending between the first and second ends 42, 44 of the adsorber element 
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14. Spiral roll 56 is sealingly inserted in a Mntainment tube 58, which is sealingly 
engaged with matching cavities in the first and second rotor plates 1 6 and 18. 
Adsorbers 14 may haye alternative structures, such as a single roll as illustrated by FIG. 
13 and is discussed fiirther herein. 
5 FIG. 2 is a cross sectional view of the apparatus of FIG. 1 taken along lines 2-2 

illustrating the adsorbers 14 annularly disposed in a single ring about the axis 12. There 
are n = 3 adsorber sets (A, B and C) each comprising m = 6 adsorbers 14 (Al, Bl, Gl, 
A2, B2, C2, A3, B3, C3, A4, B4, C4, A5, B5, C5, A6, B6, and C6) for a total of 18 
adsoibers. The PSA cycle is performed in the three adsorber sets, with a phase shift of 

10 120°betweenthebedsinthesequenceof adsorber sets A, Band C. 

The adsorbent sheets coinprise a reinforcement material, in particular 
embodiments glass fibre, metal foil or wire mesh, to which the adsorbent material is 
attached with a suitable binder. As sdiown in FIG. 1, an adsorber 14, such as the 
illustrated adsorbent laiiiinate roll, may have: a single adsorbrat material througihout; 

I S may have homogeneous or heterogeneous combinations of adsorbent materials 
througihout or within a particular zone; or may have separate zones with each zone 
having a dififerent adsorbent material. The illustrated adsorber 14 has a first zone 60 
adjacent first end 42, and a second zone 62 extending to second end 44. First zone 60 
contaiins a first adsorbent material, such as a desiccant, one example of which is 

20 activated alumina. The second zorie 62 typically contains a second adsorbent material, 
such as a zeolite adsorbent. For this arrangemmt, zone 60 extends over about 15% of 
the flow channel len^ between the first and second ends 40 and 42, and zone 62 
(which may in turn be subdivided into a plurality of zones contairiing dif^^ 
adsorbents) conq)rises the reniaining 85%. For air sq>aration to produce enriched 

25 oxygen, typical adsorbents in second zone 62 include types X, A or chabazite zeolites, 
typically exchanged with lithium, calcium, strontium, magnesiurn and/or other cations, 
and with optimized siUcon/aluminium ratios as well known in the art. The zeolite 
crystals are bound with silica, clay and other binders, or self-bound, within the 
adsorbent sheet matrix. 
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FIG. 1 3 shows a single adsorbent laminate roll 56 formed between outer wall 64 
and inner wall 66 of the adsoiber housing 67 for use particularly with continuous 
systems. The adsorbent laminate roll 56 is formed of a spirally rolled adsorbent sheet 
68, with spacers 70 between the sheets to define fluid flow channels 72 in the axial 
5 direction while jpreventing transverse flow between the flow channels. The spacers 70 
extend axially between the first and second ends 42 and 44 so as to define flow channeis 
72 serving as distinct adsorbers. 

Satisfactory adsorbent sheets 68 have been made by coating a slurry of zeolite 
crystals with binder constituents onto flie reinforcement material, with soccessfiil 

10 exaiiq>les including nonwoyen fibreglass scrims, wov^ metal fabrics, and expanded 
aluminium foils. Spacers 70 are provided by prmting or embossing the adsorbent sheet 
68 with a raised pattern, or by placing a fabricated spac^ 70 between adjacent pairs of 
adsorbent sheets. Alternative satisfactory spacers have been provided as woven metal 
screens, non-woven fibreglass scrims, and nietal foils with etched flow channels in a 

IS photolithogrsq>hic pattern. 

One important improvement provided by the present invention is adsorbers 14 
havmg reinforced channels for directly porting to first valve face 46 a^ 
valve &ce 48. These adsorbers can be used with various PSA apparatuses, including an 
apparatus havmg layered and/or interpenetrating manifolds as illustrated by FIG. 1. 

20 However, such adsorbers also can be used with other embodiments of a PSA apparatus, 
as ilhistrated by FIG. 14. FIG. 14 shows flow channels 72 being directly pprted into flie 
first valve face 46 and second valve face 48. Narrow densified zones 78 and 80 of the 
adsorbent laminate roll respectively terminate the first and second ends 42 and 44 of the 
flow channels 72 so as to enhance wear and leakage resistance in the valve faces. Zones 

25 78 and 80 may be filled with a fiJler material, e.g. an inert ceramic material, a polymeric 
material, a metal or alloy material, or mixtures of such materials. Spirally wound 
metallic strips also may be used to connect the spacers 70, while maintaining open fluid 
communication of the flow channels 72 to valve faces, and also maintaining closely 
identical flow resistance of the channels to high accuracy so as to avoid channelling. 
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Narrow densified md zones 78 and 80 of the adsorbent laminate roll 
respectively terminate the first and second ends 42 and 44 of the flow channels 72 so as 
to enhance wear and leakage resistance in the valve faces. Reinforcement and/or 
densification may be achieved by impregnation of end zones 78 and 80 with a suitable 
5 substance for hardening the ends of the adsorbent sheets, for example a silicate 

rigidizer, a water glass or a thermoset plastic compound. Zones 78 and 80 may also be 
reinforced by providing a filler to narrow the chaimels in the end zones (land thus 
increase the cross-sectional area of solid material to provide improved resistance to 
wear fi-om rubbing abrasion or fluid erosion in the valve face between the rotor and 

10 stator, and also to reduce leakage flows in the valve face). The filler material for the 
chaimels in the end zones may be an inert ceramic material, a polymeric material, a 
pyrolytic carbon, a metal or alloy material, or mixtures of such materials. A COTiiuc 
* filler material may be introduced as a clay precursor material prior to firing. A 
thermoset plastic polymer filler may be used for plications whose adsorbents do not 

15 need high temperature activation, or may be converted to coke or pyrolytic caibon 
during the firing process for activation of adsorbents that are activated at elevated 
temperature. Spirally wound metallic strips in end zones 78 and 80 (and terminated in 
the valve face so as to provide durability for wear and leakage resistance) also may be 
used to connect the spacers 70, while maintaining open fluid communication of ttie flow 

20 channels 72 to valve faces, and also maintaining closely identical flow resistance of the 
channels to high accuracy so as to avoid channelling. 

FIGs. 4-7 are cross sectional views of die q)paratus illustrated by FIG. 1. FIG. 
4, a cross sectional view of the apparatus of FIG. 1 taken along line 4-4, illustrates the 
second q)ertures 52 of the second rotor plate 1 8 in the second valve face 48. 

25 Equivalently, FIG. 5 shows the feed ports 82 and the exhaust ports 84 of the first stator 
portion 28 in the first valve face 46. Since m = 6, these ports for the first functions of 
feed and exhaust are provided in sets of six ports, each separated by angular spacing of 
36076 = 60^ 
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FIG. 6 is a cross sectional view of the apparatus of FIG. 1 across the feed 
manifold 32 taken along line 6-6. FIG, 6 shows transfer conduits 86 by which the 
exhaust ports 84 communicate to the exhaust manifold 34 interpenetratingly with the 
feed manifold 32. By providing layered, annular manifolds concentric with the axis 12 
5 for the first functions, good flow distribution is achieved to the adsoibers 14 comprising 
a single adsorber set connected to the correq)onding jfunc 
instant. 

FIG. 7 is a cross sectional view of the ^aratus 10 of FIG. 1 taken along line 7- 
7. FIG. 7 illustrates second function ports in the second valve face 48 within Ae second 

10 stator portion 30. WG. 7 inustrates fimction ports for three Ught reflux sta^ The 
second functions dqjicted are ligjit product delivery, light reflux withdrawal fiom the 
adsoibers 14, and ligjbt reflux return to the adsorbers. For this embodiment, within each 
angular sector of 360V6 = 60° about the axis 12, the second valve function ports 
include: a Kght product dehvery port 88 communicating to Kght product deh^ 

15 conduit 40 via fluid conduit 90; a first light reflux exit port 92; a second light reflux exit 
port 94; a third Kgjit reflux exit port 96; a first light reflux ret^^^ 
reflux return port 100; and a third light reflux return p^^^ 
between each pair (first, second and third) of hgiht reflux e^^ 
return ports (98, 100, 102) is provided as fluid conduits 104, 106 and 108, within Ae 

20 second stator portion 30. Each fluid conduit 104, 106 and 108 includes pressure 
letdown means, such as an orifice, for the respective light reflux gas. The illustrated 
embodiment includes a buflfer chambCT 1 10 for the s 

The first, second and third ligjhit reflux gases have descending Ug^^ 
purities. They are withdrawn fix>m the adsorbers 14 in the order of descending purity, 

25 and then teturiied in the reverse order of ascending purity. Consequently, the light 
reflux is stratified so as to maintain superior purity of the light product 

FIG. 8 is a cross sectional view illustrating the same section as FIG. 7 but of an 
alternative embodiment of the apparatus 10 of HG. 1. FIG. 9 illustrates an alternative 
arrangement with a single, centrally located buffer chamber 1 12 that may be installed in 
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the central cavity of the rotor, instead of providing separate bujBFer chambers 1 10 for 
each of the "M" angular sectors. Central buffer chamber 112 communicates to each of 
the '"M" second light reflux exit ports 94 by a fluid conduit 1 14, and to each of the "Nf 
second light reflux return ports 100 by a fluid conduit 1 16. 
5 In the embodiment illustrated by FIGs. 15-16, flow channels 72 through the 

adsorbers are paralllel to axis 12. As a result, flow direction is axial. The first valve 
face 46 and second valve face 48 are shown as flat annular discs normal to axis 12. 

FIGs- 1 5 and 17 are cross sectional views of PSA module 10 of FIG. 14 taken 
along lines 15-15. FIGs. 16 and 18 are cross sectional views of module 10 of FIG. 14 
10 along line 16-16. Arrow 120 in each section shows the direction of rotation of the 
adsorbers about axis 12. 

FIG. 15 shows the first stater valve fece 46 of the first stator 28. Fluid 
connection 122 is shown to a feed conqiressor 124 to induct feed air through inlet filter 
126. Fluid conduits to vacuum pump exhausts 128 deliver nitrogen-enriched second 

15 product to a second product delivery conduit 129. Coinpressor 124 and exhauster 128 
are shown coupled to a drive motor 130. 

In the annular valve face between (^iunferential seals 134 and 136 (See FIG. 
14), the open area of first stator valve 46 ported to the feed a^^ 
and 84 is indicated by clear angular segments 140-152 corresponding to tihe first 

20 fimctional ports communicating directly to fimctional ports identified by the same 
reference numerals 140-152. The substantially closed area of valve face 46 between 
functional ports is mdicated by hatched sectors 154 and 156, for example, which are 
slippers with ideally zero clearance, or in actual practice a narrow clearance to reduce 
Mction and wear without racessive lieakage. Typical closed sector 154 provides a 

25 transition for an adsorber 14, between being open to port 146 and open to port 148. 
Gradual opening is provided by a tapering clearance channel between the slipper and 
the sealing face, so as to achieve gentle pressure equalization of an adsorber 14 being 
opened to a new port. Much wider closed sectors (e.g. 156) are provided to 
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substantially close flow to or fix)m one end of the adsorbers 14 when pressurization or 
blowdown is being performed from the other end. 

The feed compressor 124 provides feed air to feed pressurization ports 140 and 
142, and to feed production port 144 via fluid conduits 122C, 122B, and 122A, 
5 respectively. Ports 140 and 142 have successively increasing working pressures, while 
port 144 is at the higher working pressure of the PSA cycle. Compressor 124 thus may 
be a multistage or split stream compressor system delivering the appropriate volume of 
feed flow to each port 140, 142 or 144 so as to achieve the pressurization of adsoibers 
14 througjbi the intermediate pressure levels of ports 140 and 142, and then the final 
10 pressurization and producticmthn)ughp(Ht 144. A ^lit stream conq>ressor system (not 
shown) may be provided in series as a multistage conq>ressor with intmtage delivery 
ports; or as a plurality of compressors or compression cylinders in parallel, each 
djBlivering feed air to the woridng pressure of port 140, 142 and 144. Alternatively, 
compressor 124 may deliver all the feed air to the higher pressure, with throttling of 
15 some of that air to supply feed pressurization ports 140 and 142 at flieir respective 
intermediate pressures. 

Similarly^, yacuum pump 128 exhausts nitrogen-enriched, heavy product gas 
from exhaust port 152, which is at the lower pressure of the cycle and^fi^ 
countercurrmt blowdown ports 148 at the isuccessively.inoreasing working pressures of 
20 those ports. The early countercurrent blowdown stream fix)m port 146 is released at . 
ambient pressure directly to heavy product deUyery conduit 129 via fluid conduit 1 58. 
Similarly to compressor 124, vacuum pump 128 may be provided as a multistage or 
split stream machine, with stages in series or in parallel to accept each flow at the 
appropriate intermediate pressure ascending firom the lower pressure. 
25 In other embodiments, the lower pressure is ambient pressure, so that exhauster 

128 would be an energy recovery expander. In yet other embodiments, the pressure of 
an intermediate port 148 could be substantially atmospheric, so that ejdiauster 128 could 
be rq)laced by the combination of a vacuxrai pump compressing lower pressure exhaust 
gas from port 1 50, with this vacuum pump partly or completely powered by an 
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expander expanding eiarly countercurrent blowdown gas from port 146, This 
combination of a vacuum pump and an expander could be replaced by an ejector with a 
nozzle fed from port 146 energizing suction from port 152, and the mixed flow from the 
ejector difKis&r being discharged to exhaust conduit 129. 

5 HG. 16 shows the second stator valve face 48, taken along line 16^16 of FIG. 

13. Opra ports offlie second valve face 48 are second valve inmction 
communicating directly to a ligiht product delivery port 160; a number of light reflux 
exit ports 162, 164, 166 and 168; and the same number of light reflux return ports 170, 
1 72, 1 74 and 1 76 within the second stator. The second valve function ports 52 are in 

10 the annular ring defined by circumferential seals 134 and 136 (See FIG. 14). Each pair 
of Ug^t reflux exit and return ports pn>vides a stage of liight refl^ 
respectively, for the PSA process functions of supply to backfill, full or partial pressure 
equalization, and cocurreat blowdown to purge. 

Illustrating the option of light reflux pressure letdown with energy recovery^ a 

15 split stream, light reflux expands 180 is provided to provide pressure letdown of four : 
light reflux stages with energy recovery. The ligjit reflux e}q)ander 180 s^es as 
pressure let-down means for each of four light reflux stages, each stage having a light 
reflux conduit respectively between light reflux exit and return ports 1 62 and 1 76, 164 
and 174, 166 and 172, and 168 and 170 as illustrated. 

20 Light reflux expander 1 80 is shown coupled to a light product, pressure booster 

compressor 1 82 by drive shaft 1 84. Compressor 1 82 receives the light product and 
delivers light product (compressed to a delivery pressure above the higiher pressure of 
the PSA cycle) to delivery conduit 1 29. Since the light reflux and ligjit product are? both 
enriched oxygen streams of approximately the same purity, expander 1 80 and light 

25 product compressor 1 82 may be heraoietically enclosed in a single housing which may 
conveniently be integrated with the second stator as shown in FIG. 14. This 
configuration of a "turbocompressor" oxygen booster without a separate drive motor is 
advantaigeous, as a useful pressure boost of the product oxygen can be achieved without 
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an external motor and corresponding sbaA seals, and can also be very compact when 
designed to operate at very high shaft speeds. 

Light reflux expander 1 80 also may be used to power a vacmrai pump 1 28 (or a 
portion thereof), or alternatively to power rotation of the adsorber rotor. As disclosed 
5 by Keefer et al. (U.S. Patent No. 6,05 1 ,050), the light reflux expander 1 80 may be 
provided as a single impulse turbine wheel with a separate nozzle for each ligiht reflux 
stream undergoing pressure letdowa 

. While the kbbve examples primarily deal with the relatively low pressure and 
ambient temperature PSA ^plication of oxygen enrichment over nitrogeii-selective 
10 adsorbents, it will be evident that disclosed embodiments of the invention, or important 
aspects thereof, may be applied to the fiill range of PSA applications in commeircial use 
or under research investigation. In particular, the invention applies to hydrogen 
purijScation extending 1^ to high working pressiires, ari^ 

applications of PSA including direct coupling of PSA to chraiical reaction processes. 
15 nOs. 17andl8forM = 3conespondtonGte.l0andirf^^^ 

Corresponding reference numerals followed by a sufiSx A, B or C, etc.; are used virhete 
an item of PIGS. 10 or 1 1 is rqjhcated in HGs. 17 

It also vviU be aippreciated tibiat the '"NT' second fimc^^ 
second function could be gathered into a sinigle annular manifold for that function, 
20 exactly as illustrated in FIG. 14 for the first functions. This is particularly desirable if 
the pressure letdown function for light reflux is to be provided by an adjustable throttle 
or by an energy recovery expander. 

Since only one adsorber set is connected to the feed supply means (or to the 
exhaust means) at any time, except for very brief valve switching intervals, while an 
25 adsorber set is always connected to each of those functions, good loading is achieved 
for a feed compressor or an exhaust vacuum pump performing those functions. The 
feed manifold 32 can be configured with extended surface walls, so as to provide an 
aflercooler duty for the feed compressor. 
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Furthermore, the vplump of the feed manifo^^ 
dehveiy pressiire of the feed compressor 124 can follow the pressiirization of 
adsorber set, thus avoiding delivery of feed gas at a higher pressure than actually 
needed by the adsorber set. The feed compressor 124 therefore is partially unloaded 
5 fix>m deUvery of feed gas at fuD pressure during the early portion of each feed interval. 
Hence, the average delivery pressure of the feed compressor 124 can be reduced, and its 
power consumption can be reduced significantly compared to a feed compressor 
delivering the same mass flow of feed gas at continuously the higher pressure of the 
process. 

10 Sinularly, the volume of tibe exhaust mamfold 34 is min^ 

suction pressure of the vacuum pump can follpw the depressurization of the adsorber 
s|et, flius avoiding withdrawal of second product gas at a lower pressure than actuatlly 
released by the adsorber set The vacuum pump. 128 therefore is partially unloaded 
from operation at full vaicuuniduring the early portion of each exhaust interval. Hence, 

IS the power consumption of the vacuum puinp 128 can be significantly reduced compared 
to a vacuum pump exhausting the same mass flow of second product gas at 
continuously the lower pressure of the process. 

iFlGs. 19 through 21 illustrate a rotary PSA module with M = 3, having 
interpenetratiiig, layered manifolds 

20 FIG. 19 shows the use of a layered manifold 1 90 for connecting all of the feed 

ports 82 and exhaust ports 140, 142, 144, 146, 148 and 152 in the first valve face 46 to 
corresponding compression and exhaust stages in accordance with FIGs. 15 and 17. 
Manifold layers 140', 142', 144% 146', 148' and 150' (using primed reference numerals 
for flie manifold layers corresponding to each feed or exhaust ports) are mutually 

25 separated by plates 192 and bounded by external walls 194. Plates 192 may be 
penetrated by ducts 196, 198, coimecting valve face ports to distinct corresponding 
ports. 
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The layered manifold 190 may be constructed jfrom welded steel plate, or for low 
pressure applications from fibre-reinforced plastics for each plate 192 and the 
interconnecting ducts and the side walls 194. 

FIG. 20 shows the further use of a second layered manifold 200 for withdrawing 

5 product and light reflux streams from ports 160, 162, 164, 1 66 and 168 in the second 
valve face 48, and retuming light reflux streams to ports 170, 172, 174, and 176 after 
pressure letdown. Again, primed reference numerals correlate each manifold layer with 
the corresponding port, while interpenetrating ducts (e.g. 108) connect each port to the 
corresponding manifold layer. 

0 FIG. 2 1 shows two modules 202, 204 mounted on a singje layered manifold 206 

coimecting feed and exhaust flows to a common compressor 124 and vacuum pmnp 
128, The modules 202, 204 are arranged in a row. However, this arrangement clearly 
. may be altered, such as extended to include more modules in the row or more rows of 
modules in parallel staggered rows. 

5 Iq other embodiments, the conq>ression machinery may be centraUy located in 

the layered manifold, while the PSA modules may be advantageously arranged in a 
hexagonal array for favourable flow distribution and nunimalp^ Instill 
other embodiments, the modules may be mounted in combi^ 
manifold lay^. It is noted that the embodiments concem any combination of the above 

D disclosed manifold configurations. 

FIG. 22 extends this modularization concept to a large PSA plant witii eighteen 
modules 10 connected in parallel to a common layered manifold 210. In this 
configuration, the conopression machinery is centrally located in the layered manifold 
210, while the PSA modules 10 advantageously may be arranged in a hexagonal array 

5 as shown in FIG. 23 for favourable flow distribution and minimal pressure drop. 

FIG. 22 shows details of particular multistage, axial machine configurations for 
the compressor 212 and vacuum pump 214. Each compressor stage has rotor blades 
216 followed by stator blades 218. Bleed streams are Avithdrawn between the stages 
into feed manifolds 140* and 142% while the remaining mass flow is delivered by the 
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final compressor stage to manifold 210. The first stage receives ambient air through an 
intake filter and silencer 220. It will be noted that the axial compressor stages are 
highly tapered for reduced sectional flow area toward the high pressure end, taking 
account of compression as well as mass flow withdrawal firom interstage bleeds. 
5 Each vacuum pump stage has rotor blades 222 and stator blades 224. The 

lowest pressure exhaust stream enters the first stage jfrom manifold 152% wh^^ 
supplementary exhaust streams are injected into the ascending stages from manifolds 
148\ In this embodiment, the earliest counten:un'ent blowdown st^ 
146' at approximately ambient pressure, and is entrained by the vacuum pump 
10 discharge in exhaust diflfuser 226. Asmass flow is being added between istages to of&et 
the effect of compression, the vacuum pump stages may be non-tapered or only slightly 
tapered. 

Ilie layered manifold 210 is snipported on pedestals 228 to 
the compressor. Altematively, an excavated central well may be provided to 

15 accommodate installation oftfae compressor and its drive. It will be ^predated that 
tMs plant configiuratioh readily allows servacihg access 
and to the PSA modules, which may be removed and exchanged simply by 
disconnecting and reconnecting the product deUvery l^ 

The layered manifold 210 may be constructed of welded steel plate, or for very 

20 large plants preferably from reinforced concrete. Transverse reinfprcmg struts may be 
provided to assist the inteipenetratihg ducts and side walls in supporting compressive 
stresses due to istructural.weight and subatmospheric pressures, or tensile stresses due to 
positive pressiires overcoming the structural weight above a given manifold layer. 
Suitable flange inserts will be needed in a concrete layered manifold to provide 

25 adequate static sealing surfaces mating with the modules. With concrete construction 
for plates 192, the weight of the upper layers will assist m containing elevated working 
pressures within lower manifold layers. Hence, it is desirable that the lower layers of 
the manifold be used for higher pressures, and that the upper levels of the manifold be 
used for lower pressures of the PSA cycle. 



wo 02/24309 PCT/USOI/30134 



34 

While the above examples primarily deal with the relatively low pressure and 
ambient temperature PSA application of oxygen enrichment over nitrogen-selective 
adsorbents, it will be evident that the invention, or important aspects thereof^ niay be 
q^plied to the full range of PSA applications in commercial use or under research 
5 investigation. In particular, the invention appUes to hydrogen purification extending up 
to high working pressures, and to high temperature applications of PS A including direct 
coiq>ling of PS A to chemical reaction processes. 

m. Detail Portion % of Alternative Adsorbent Structures 

10 FIGS. 24-30 show section detail 76 of altemative adsdibent laminate structures 

forming the spiral roll 56 of FIG. 13. FIG. 27 shows parallel spacers 70 on an adsorbent 
sheet not yet formed into the spiral roll, with fillers 240 of inert material narrowing the 
flow charmels to contracted flow charinels 72 in end zones 78 and 
respectively to this first valve faces 46 and second valve faces 48. The filler material 

15 (e.g. ceramic, polymeric materials, metal/alloy material, or combinations thereof) 240 is 
selected for durability and favourable wear properties. Fillers 240 may be fabricated as 
part of the spacers 70 (wift accurate dimensioned gaps left bet(veen 
channels 72') before winding the roll. Altematively, fiUers 240 may be cast in place 
while the roll is being wound or subsequently, using narrow and precisely dimensioned* 

20 mold cores or fugitive iiiserts to form the contracted charmels 72'. 

FIG. 24 shows the spacers 70 as ribs formed on the adsorbent sheets and 
extending across the sheets transverse to the winding direction as shown in FIG. 28. An 
adsoAerit sluny or other bonding sealant may be appUed to the crests o 
during winding, so as to provide transverse sealing between adjacent channels 72. 

25 FIG. 25 shows the spacers provided as wires or narrow bars 242 between 

adjacent layers of the spiral roll The wires 242 are evenly spaced in the winding 
direction to define flow channels 72. Wires 242 may be braced with fine cross wires or 
foils to define a spacer mesh. FIG. 25 is a section across adsorbent zones 60 or 62, 
while FIG. 29 is a section across end zones 78 or 80. FIG. 29 shows filler 240 defining 
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the contracted flow channels 72 (here filler 240 may be a portion of metal strips bracing 
wires 242 in the end zones, while such strips may be spirally wound as part of a spacer 
mesh over the adsorbent sheet being rolled). 

FIG. 28 shows a corrugated spiral roll formed by winding flat adsorbent sheets 
S 68 altematingly with corrugated adsorbent sheets 68\ The flow channels 72 here are 
sinusoidal in section* which is less desirable owing to stagnant flow in the comer 
interstices. 

In FIGs. 29 and 30, contracted flow chaimels 72' are formed by positioning 
filler 240 within the cormgations, accurate dimensioning of the flow chaimels 72' being 

10 achieved either by mold inserts or by fiigitive channel formers, such as polymmc 
hollow fibber, which can be removed chemically or physically, e.g. by combustion or 
dissociation, or by phase change to liquid or vapour forms. In adsorbent zones 6Q and 
62, the filler 240 would be an £qppropriate porous adsorbent material, while in end zones 
78 and 80 fixe filler preferably may be a durable and dense inert material 210. The end 

15 zone filler 240 alternatively may be an adsorbent material, which has been hardened by 
a rigidizihg treiatment. 

In FIG. 30, an adsorbent sheet 68 has been divided into two adsorbent layers 
68A and 68B on opposite sides of a metal foil 244. The metal foil may be any metal 
suitable to prevent flmd flow throujgh such adsorbent sheets, a^^ 

20 desirable thermal properties of enhanced heat capacity and thermal conductivity to the 
adsorbent laminate. One example of such a metal is aluminium. Altematively, die 
metal foil 244 may be a ferritic stainless steel, preferably containing some aluiniriiuia 
which can beoxidized or anodised to form a textured alumina surface for fevourable 
adhesion of zeoUte or alumina coatings 68A and 68B. 

25 A steel or stainless steel foil (or directional non-metallic fibre reinforcements) 

may be used to give desired tensile strength and stiffiiess to the adsorbent laminate 
sheets. Because the adsorbent sheets and flow chaimels are qmte thin, angular pressi^ 
gradients between angularly separated zones of instantaneously high pressure and low 
pressure in the adsorbent laniinate roU wiU result in rather small tensile (or 



wo 02/24309 



PCT/liSOl/30134 



36 

compressive) hoop loads on the laminate sheets. Consequently, the adsorbent laminate 
roll (formed from suitably reinforced adsorbent sheet) can be substantially self-^ 
supporting under cyclic pressure variations of the PSA cycle, even when operating at 
high working pressures in the range of 20 bars or more as frequently required in 
5 industrial hydrogen purification. 

The spirally wound adsorbent laminate roll may be terminated by winding 
external multi*layer wraps of steel or stainless steel foil in order to provide uniform 
tensile preloading, and uniform radial pressure and strains, in the adsoibent laminate. 
TMs;also ensures tight static sealing of the extmpr of the n>U against by^ 

10 : The product gas at substantially tiie higiher pressure of the PSA cycle can be circulated 
on the outside of the wr^ed spiral roll so that the adsoiber housing is subjected to 
primarily compressive loads. The adsorbent laminate sheet and spacers need to 
withstand cyclic lateral compression loads in this ^proach. 

In FIG. 31, narrow and densely packed round flow chaimels 72' a^^ 

15 adsorbent filler 240 between adsorbent sheet layers 68 during the winding operation. 
The channels IT are defined by fugitive fibres or hollow fibres to be removed after die 
adsorbent sluny has hardened. Water first may be removed through fugitive hollow 
fibres formed from a hydrophilic polymer. The position pftfae fibres in each spacer 
layer maybe defined by woven cross fibres, which are not shown in FIG. 31. 

20 ^ ' . ■ 

IV. PSA Cycle 

The angular position and angular width of the apertures in FIG. 4, the first 
fiinction ports in FIG. 5, and the second function ports in FIGS. 7 or 8, are selected in 
ordCT to achieve the correct timing of the PSA cycle stq)s. For the embodiment of n = 

25 3, the cycle is divided into six process steps: 

(a) supplying feed gas mixture to the first end of the adsorber element over a 
feed interval which is substantially 1/3 of the cycle period so as to pressurize the 
adsorber element to substantially the higher pressure, and then to deliver light product 
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gas finom the second end of the adsorber element at substantially the higher pressure less 
flow j&ictional pressure drops, 

(b) withdrawing a first light reflux gas enriched in the less readily adsorbed 
component 6rom the second end of the adsorber element at about the end of the feed 

S interval, and delivering the first light reflux gas to another adsorber element (whose 
phase is lagging by 120^), 

(c) withdrawing a second ligiht reflux gas enriched in the less readily 
adsorbed component from the second end of the adsoiber element to depressurize that 
adsoiher client after the feed interval, and delivering ihe second li^t reflux gas to a 

10 bufiferchaniber, 

(d) withdrawing a third light reflux gas enriched in the less readily adsorbed 
component from the second end of the adsoiber element to fiutho* depressurize that 
adsorber client, and delivering the first ligjit reflux gas to another adsorber element 

(whose phase is leading by 120^X 
IS (e) withdrawing second product gas at an exhaust pressure from the first end 

of the adsorber element over an exhaust intoiral which is substantially 1/3 of the cycle 
period so as to fiirther di^ressurize that adsoiber elmient to substantially the lower 
pressure while delivering the second product gas, 

(f) supplying third U^t reflux gas fix>m another adsoiber e^ 

20 phase is lagging by 120°) to the second end of the adsoiber element, so as to purge the 
adsorber element during the latter part of the exhaust interval, 

(g) supplymg second light reflux gas &6m. the huS&c chamber to the second 
end of the adsorber element, so as to partially repressurize the adsoiber element prior to 
the next feed interval, 

25 (h) siQ)plying third ligjit reflux gas from another adsorber element (whose 

pliase is leading by 120°) to the second end of the adsorber element, so as to further 
repressurize the adsorber element prior to the next feed interval, and 

(i) cyclically repeating the above steps over successive rotational angles of 
360 Vm, while feed gas is continuously supplied to substantially one adsorber set at a 
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time, and exhaust gas is continuously removed from substantially one adsorber set at a 
time. 

FIGs. 3 and 9-12 apply to an altemative embodiment with n = 6, m = 6 and N = 
36. FIGs. 3 and 9 are altemative sections of FIG. 1 showing the 36 adsoibers. FIG. 3 
5 shows twoamiularrin^eachof 18 q)iralroU adsorbers 14 as shown in FIG. 1. FIG. 9 
shows alternative adsorbers 1 4 formed as stacks of rectangular sheets of reinforced 
adsorbent niaterial alternating with pacers, and inserted in matching rectang^ 
, cavities or slots. 

FIG. 10 shows the second q>erture8 52 of the second rotor plate id the second 
id valve face 48 for 36 adsorbers. 

FIG. 1 1 shows the fiinction ports of the first valve face 46 for the example of n - 
6 and m 6. In this embodiment, four .first functions are provided as a first feed 
function, a seicond feed fimction, a first exhaust function and a second exhaust function. 
These first functions respectively correspond in FIG. 1 1 to first feed ports 176, second . 
15 feed ports 178, first exhaust ports 180 and second exhaust ports 182. 

The first feed function is feed prtssurization, and at all times one and only one 
adsorber set is undergoing fe^pressurization. Heace, a first feed compressor may 
provide feed gas to each adsorber set at a fluctuating pressure which is on average less 
than the higher pressure, and thus may achieve a considerable saving in power 
20 consiuttption. The second feed function is for production, serving at all times in this 
example one and only one adsorber set This second feed function may be served by a 
second feed compressor whose feed pressure is relatively constant and substantially 
equal to the higher pressure. 

The first exhaust function is exhaust depressurization or countercurrent 
25 blowdown, and at all times one and only one adsorber set is imdergoing this step. For a 
vacuxun PS A cycle, a first vacuum pxunp as the first exhaust means may withdraw 
exhaust gas 6om each adsorber set at a fluctuating pressure which is on average hig^^ 
than the lower pressure corresponding to maximmn vacuum, and thus may achieve a 
considerable saving in power consumption. The second exhaust function is for exhaust 
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at substantially constant lower pressure with purge, serving at all times in this example 
one and only one adsorber set This second exhaust function may be served by a second 
vacuum pump whose? suction pressure is relatively constant at the lower pressure. 

For a positive pressure PSA cycle whose lower pressure is substantially 
5 atmospheric pressure, a throttling orifice fimction may be provided in or with the first 
exhaust ports to achieve the pressure letdown of each adsoi1)er set during coimtercurrent 
blowdown without excessive flow disturbances. Altenuitively, ah expander may be 
provided as the first exhaust means to recover energy from coimtercurrent blowdown. 
This expander will be operating under varying inlet pressure following the adsorber set 
10 dq)ressurization in each first exhaust step of a time interval in this example of one sixth 
of the cycle period. . 

If the cycle period is one second, the adsorber rotor will rotate at 1 0 RPM for m 
» 6. . For n = 6, each first or second feed step and each first or second exhaust step will 
have a duration of 1/6 second. The cyclic pressure transients of the first feed fimction 
15 and the first exhaust fimction may be accepted by positive displacement compression 
machinery of relatively high operating speed, for example twm screw machines. 
Alternatively, low speed reciprocating or rotary compression (or expansion) machinery 
may be used for any of the feed fimctions of feed or exhaust, so thiat each coihpression 
(or expansion) stroke corresponds to a single first fimction step and is synchronized to 
20 the begmning and end of that step. Again, for the cycle period of 1 second the 

reciprocating speed (with two opposed conq>ression chambers delivering alternating 
first fimction steps) would be 180 KPM. 

FIG. 30 is the section of FIG. 1 mdicated by fines 8-8 for h = 6 and m = 6. This 
arrangement is identical to that of FIG. 6, except that the buffer chamb^s 1 10 have 
25 been deleted since the second reflux gas is now conveyed from adsorber elements 56 
commuiiicating with ports 92 and 104 by direct equalization. 

For the process with n = 6, tiie steps in the above example jure characterized as: 

(a) supplying feed gas niixlure to the first CTdofthe adsorber element over a 
feed pressurization interval which is about 1/6 of the cycle period so as to pressurize the 
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adsorber element to substantially the higher pressure, and then to deliver light product 
gas from the second end of the adsorber element at substantially the higher pressure less 
flow frictional pressure drops, 

(b) further supplying feed gas mixture to the first end of the adsorber 

5 element over a production interval which is about 1/6 of the cycle period to deliver light 
product gas firom the second end of the adsorber element at substantially the higher 
pressure less flow fiictional pressure drops, 

(c) withdrawing a first light itflux gas enriched in the less readily ad 
component firom the second end of the adsorber element at about the end of the 

10 production interval, and delivering the first Ught reflux gas to another adsorber element 
(v^bse phase is lagging by i20*^), 

(d) withdrawing a second fight reflux gas enriched in the less re 
adsorbed cpmponent from the second end of the adsorber elemrat to depressurize that 
adsorber eleni^t after the feed interval, and delivering tilie second light reflux gas to 

15 anotiher adsorber element in 180^ opposed phase, 

(e) withdrawing a third light reflux gas enriched in the less readily adso A 
component from the second end of flie adsorber element to further depressurize that 
adsoifoer element, and delivering the first light reflux gas to another adsoiber element 
(whose phase is leading by 120^), 

20 (f) withdrawing second product gas filom the first end of the adsorber 

element over a first exhaust interval which is about 1/6 of the cycle period so as to 
fiirther depressurize that adsorber element to substantially the lower pressure while 
delivering the second product gas, 

(g) fiirther withdrawing second product gas fix)m the first end of the 

25 adsorber elmient over a second exhaust interval which is about 1/6 of the cycle period 
at substantially the lower pressure while delivering the second product gas, 

(h) siq)plying third Mght reflux gas from another adsorber element (whose 
phase is lagging by 120°) to the second end of the adsoiber element, so as to purge the 
adsorber element during the second exhaust interval. 
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(i) supplying second light reflux gas from another adsorber element in 1 80*^ 
opposed phase, so as to partially repressurize the adsorber element, 

0) supplying ttiird light reflux gas from another adsoiber element (whose 
phase is leading by 120°) to the second end of the adsorber element, so as to further 
5 repressurize the adsorber element prior to the next feed interval, and 

(k) cychcaUy repeating the above steps over successive rotational angles of 
3607m. 

rV. Radial Flow Embodiments, FIGs. 33-36 

10 In general, disclosed embodiments of the apparatus may be configured for flow 

through the adsorber elemmts in the axial, radial or obliquely conical directions relative 
to the rotor axis. A radial flow rotary module 10 according to the invention is i^own in 
FIGs. 33 and 36. FIG. 33 shows atop, cross-sectional view of a radial flow module 
with two cycles per revolution so that M = 2. FIG. 36 shows a cross sectional 

15 schematic view of module 10 with a cross sectional reference to FIG. 34. 

Module 1 0 includes a rotor 400 revolving about axis 12 in the direction shown 
by arrow 120 witiun statpr 30. FIG. 35 is an axial section of the module 10, defined by 
arrows 35-35 m FIG. 33, with module 10 installed in part of a layered manifold 
assembly 190, which may include other similar modules. FIG. 33 is a cross-section of 

20 ttiemodule 10, definedby arrows 33-33 in FIG. 36. 

As shown in FIG. 32, the rotor 400 is annular, having an outer cylindrical wall 
16concentric with axis 12. Outer cylindrical waU 16 has an extenial sur&ce which 
defines first valve surface 46. Inner cylindrical wall 18 has an internal sur&ce which 
defines second valve surfece 48. The rotor 400 has (in the plane of the section defined 

25 by arrows 32-3i2 in FIG. 36) a total of "N" radial flow adsorber elements 14. An 

adjacent pair of adsorber elements 14A and 14B are separated by partition 19, which is 
structurally and sealingjy joined to outer wall 16 and inner wall 18. Adjacent adsorber 
elements 14A and 148 are angularly spaced relative to axis 12 by an angle of [ 360^ / N 
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Adsorber element 14 has a first end 42 and a second end 44. The adsorber 
preferably may be provided as an adsoibent laminate pack, with flow channels 72 
between the sheets of the laminate pack providing a ftow path between the first and 
second ends 42, 44 of the adsorber 14. The first and second ends 42, 44 of the 
S adsorbers 1 4 communicate respectively to the first and second valve surfaces 46, 48 by 
apertures at the first and second ends respectively through outer wall 16 and iimer wall 
18. 

As shown in FIGs. 32 and 35, module 1 0 includes a stator assembly 401 . 
Assembly 401 includes an outer cylindrical shell 403 enclosing the first valve fuhctioh 

10 conq>artments of fijst valve stator 28 outside the annular rotor 400, and ah iimer 
cylindrical shell 405 supporting the second valye Amotion compartments of second 
valve stator 30 inside the annular rotor 400. Out^ shell 403 cairies partitions 406 
between adjacent function comparttnents and siq)portmg axially extending valve seal 
dements 407 sealingly engaged with first valve sur£u:e 46, while inner s 

15 partitions 408 si^)porting axially extending valve seal elements 409 sealingly engaged 
with second yalve surface 48. The azimuthal sealing widft of the strip seals is greater 
than the azimuthal widths of the apertures tfarougih the outer and iimer walls 16, 1 8 at 
the first and second ends 42, 44 of each adsoiber 14 in the first and second valve 
surfaces 46, 48. 

20 The stator assembly 401 also includes a top plate 41 1 and a bottom plate 413, [ 

each connecting outer shell 403 and inner shell 405 so as to enclose rotor 400. Rotor 
400 is supported by upper bearing 405 in top plate 41 1, and lower bearing 417 in 
bottom plate 413. A rotor drive (not shown) is provided in stator assembly 401 to rotate 
rotor 400 at a desired rotational firequency. The rotor drive means may be an 

25 appropriate form ofrim drive for rotor 400. 

The stator assembly 401 finlher includes sealing flanges 421 with static seals 
(e.g. 0-rings) 422 to engage sealing collars 423 in each manifold separator plate 1 92, 
and a top flange 425 to locate the module 10 within the layered manifold structure.for 
proper engagement of the seals. Radial flow module 10 is installed as a plug 



wo 02/24309 



PCT/USOl/30134 



penetrating the layered manifold Structure. For very large capacity PSA plants, any 
desired number of such modules 1 0 may be installed in a layered manifold assembly 
similar to that depicted in FIGs. 22 and 23. 

FIGs. 34 and 35 respectively show the labelling and manifolded interconnection 

5 of the first functional conq)artments in the first valve stator 28 and in the second valve 
stator 30. A set of iirst compartments in the outer shell 403 each open in an angular 
sector to the first valve surface 46, and each provide fluid communication between its 
angular sector of the first valve surface 46 and a manifold external to the module 10. 
The angular sectors of flie compartments are much wid«r than the angular separation of 

10 the adsorber elements 14. The first compartments are separated on the first sealinjg 

surface 46 by the valve seal elemeuts. Proceeding clockwise in FIG. 33, in the direction 
of rotor rotation, the first comjpartmente are provided with the same functions and the 
same reference numerals as used in FIGs. 17 and 18 with reference numeral subscripts 
A and B reflectmg the pr^ent example of M 2. 

15 FIG. 34 shows a plan view of the feed end of the module. FIG. 34 shows the 

first stator valve face 46 of the first stator 28 in the first valve face 46, in the plane 
defined by arrows 10-10, and for the exanq>le of a vacuum PSA system for separating 
oxygen fi-om air. Fluid connections are shown to a feed coxtpressor 124 inducting feed 
air from inlet filter 126, and to a vacuum pump exhauster 128 delivering nitrogen^ 

20 eoriched second product to a second product dehvery conduit 38. CompressoT 124 and 
exhauster 128 are shown cotq)led to a drive motor 130. 

Arrow 120 indicates the direction of rotation by the adsorber rotor. In the 
annular valve face between ciiciraiferential seals 134 and 136, the open area of first 
stator valve face 46 ported to the feed and exhaust con^artments is indicated by clear 

25 angular segments 140-152 corresponding to the first functional ports communicating 
directly to fimctional compartments identified by the same refa:ence numerals 140-152. 
The substantially closed area of valve face 46 between functional compartments is 
indicated by hatched sectors 1 54 and 1 56 which are slippars with ideally zero clearance, 
or in actual practice a narrow clearance to reduce friction and wear without excessive 
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leakage. Gradual opening is provided by a tapering clearance channel between each 
valve seal element and the sealing face, so as to achieve gentle pressure equalization of 
an adsorber being opened to a new compartment. Much wider closed sectors are 
provided to substantially close flow to or from one end of the adsoibOT when 

5 pressurization or blowdown is being performed from the other end. 

With reference to FIGs. 33 and 36, it will be noted that penetrations 441 and 442 
are provided in outer stator shell 403 so as to provide direct fluid communication from 
feed manifold 144' to corresponding function compartments 144A and 144B. Other 
penetrations are similarly provided in outer shell 403 so as to provide dir^ fluid 

10 communication from each manifold layer (of a pressurization or exhaust function) to the 
conesponding first valve function compartments for that pressi^^ 
functionu 

The feed conqpressor provides feed air to feed pressuriz^^ 
140A and 140B, and to 142A and 1428, and to feed production compiartments 144A 

15 and 144B. Compartments 140 and 142 have successively increasmg woridng pressures, 
while compartm^ent 144 is at the higher working pressure of the PSA c^^ 
Compressor 124 may thus be a multistage or split stream compressor system delivering 
the ^propriate volume of feed flow to each coinpartment so as to achieve flie 
pressurization of adsorbers through the intermediate pressure levels of comparhnents 

20 140 and 142, and flien the final pressurization and production through conq)artment 
144. A split stream compressor system may be provided in series as a multistage 
compressor with mteretage dehvery ports; or as a plurahty of conq)ie^ 
compression cylinders in parallel, each delivering feed air to the woridhg pressure of a 
compartment 140 to 144. Altematively, compressor 124 may deliver all the feed air to 

25 thehigherpressure, with throtthng of some of that air to siqjply feed pressuiiza^^ 
compartments 140 and 142 at their respective intermediate pressures. 

Similarly, vacuum punq) 128 exhausts nitrogen-enriched heavy product gas 
fiiom exhaust compartments 152A and 152B at the lower pressure of the cycle and from 
cpuntercuirent blowdown compartments 150A and 150B, and 148A and 148B at ttie 
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successively increasing working pressures of those compartments. The early 
countercurrent blowdown stream from compartments 146 A and 146B may be released 
at ambient pressure directly to heavy product delivery conduit 129, Similarly to 
compressor 124, vacuimi pump 128 may be provided as a multistage or split stream 
S machine, with stages in series or in parallel to accept each flow at the appropriate 
intermediate pressure ascending from the lower pressure. 

FIG. 35 shows the second stator valve face 48. Open ports of the valve face 48 
are second valve frmction ports comniunicatbg directly to a Ug^^ 
compartment 160; a number of light teflux exit conq>arbnents 162A and 162B, 164A 
10 and 164B, 166A and 1666, iand 168A and 168B; and the same number of light reflux 
return compartments 170A and 170B, 172A and 172B, 174A and 174B, and 176A and 
1 76B within the second stator. Each pair of ligjit reflux exit and return compartments 
provides a stage of light reflux pressure letdown, respectively for the PSA process 
iimctidns of supply to backfill, full or partial pressure equalization, and cocuirent 
15 blowdown to purge. 

niustratihg the option of light reflux pressure letdown with energy recovery, a 
split stream light reflux expander 180 is provided to provide pressure let-down of four 
light reflux stages with energy recovery. The ligjit reflux expander serves as pressure 
let-down means for each of four light reflux stages, each stage having a light reflux 
20 conduit respectively betv^een a pair ofUght reflux exit and retum]^ 

Product oxygen from light product functional compartments 160A and 1608 is 
. delivered to product booster conopressor 1 82 or else directly to product delivery conduit 
40. 

It will be ^preciated by those skilled in the art that numerous variations of the 
25 PSA cycle may be applied for a wide range of "n" and "NT' within the scope of the 
present invention, and with the benefits provided by this invention. For example, 
described embodiments are disclosed with reference to particular features. It should be 
^reciated that the scope of the present invention should not be limited to these 
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described features, but rather should be determined with reference to the following 
claims. 
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We claim: 

L A rotary pressure swing adsorption apparatus, including a module 
comprising: 

a stator defining plural fluid inlet, exhaust and delivery ports; 
5 a plxirality of adsorber elements operably coupled to a rotor, the rotor being 

capable of rotation relative to the stator for rotating the adsorber elements adjacent the 
inletports; 

a first manifold for recdving a. feed fluid and being intermit^^ 
coupled through the fluid inlet ports to fiiist ends of the adsorber elements in adsoiber 
10 sets; and 

a second manifold positioned adjacent the first manifold and intermittently 
fluidly coupled to first adds of the absoib^ elements in fhe adsoiber sets for receiving 
an exhaust fluid fix>m the first end of the adsoiber elements fbrou^ plural exhaust ports 
defined by the stator and through a fluid conduit penetrating through the first manifold. 

15 • . 

2. The rotary pressure swing adsoiption apparatus according to cld^ 
module further including first and second adsoiber sets, the first and second adsorber 
sets sequentiaUy receiving feed fluid fin^m the fitet manifo 

20 3. The n)tary pressure swing adsoiptions^aratus according to claim 1 

comprising fix>m 2 to about 20 adsorbier sets. 

4. The rotary pressure swing adsoiptidn according to claim 1 wherein the 
adsorber sets each include 6 adsorber elements. 

•25 . . • 

5. The rotary pressure swing adsorption apparatus according to claim 1 
with the module having three adsorber sets. 
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6. The rotary pressure swing adsorption apparatus according to claim 1 
with the module having six adsorber sets. 

7. The rotary pressure swing adsorption ^paratus according to claim 1 

5 where the feed fluid is air, the adsorber elements include a nitrogra selective zeolite and 
the exhaust fluid is nitrogen. 

8; The rotary pressure swing adsorption qyparatus according to claim 1 
where the adsorber elements in the module are aimularly arranged about an axis of 
10 rotation. 

.9. The rotaxy pressure swing adsorption ^paratus accord 
wherein ttiere are n adsorber sets each set having m adsorbers at an angular spacing of 
360/M. 

15 ' 

10. The rotary pressure swing adsorption ^aratus according to claim 1 
wherein the module is a rotary adsorber module. 

11. the rotaiy pressure swing adsorption apparatus according to claim 1 
20 where the first and second niarjdfolds are ^mular. 

12. The rotary pressure swing adsoiption^paratus according to claim 1 
with the naodule comprising at least one manifold in addition to the first and second 
manifolds. 

25 • ' 

13. The rotary pressure swing adsorption ^paratus according to claim 12 
where the manifolds are annular and are arranged coaxially one above the other. 
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14. The rotary pressure swing adsorption q)paratus according to claim 1 1 
wherein the stator includes first and second valve surfaces, and the fluid delivery ports 
are circumferentially spaced about an axis and over a nmjority of the planar surfaces. 

5 15. The rotary pressure swing adsorption device according to claim 14 where 

the fluid inlet ports are spaced over 360 degrees of the stator. 

1 6. The rotary pressure swing adsorption apparatus according to claim 14 
wherein there are c fluid delivery ports at an angular spacing of 360/c. 

10 

17. The rotary pressure swing aidsorption qiparatus according to claim 1 
. . wherein the stator includes first and second valve sur&ces, and the fluid exhaust penis 

are circumferentially spaced about an axis and oyer a majority of the planar surfaces. 

IS 18. The rotary pressure swing adsorption q)paratus according to claim 17 

where the stator includes first and second planar valve surfaces and fluid flow through 
the ^aratus is axial and normal to the first and second planar yalve surfaces. 

19. The rotary pressure iswing adsorption £q)paratus according to 

20 where the stator includes first and second cylindrical valve sur&ces, fluid flow througjh 
the apparatus is radial and ttie first and second valve fiices are concentric to the fluid 
flow. 

20. The rotary pressure swing adsorption apparatus, according to claim 1 
25 wherein the first manifold is connected to a compressor 

21. The rotary pressure swing adsorption apparatus according to claim 1 
wherein the second manifold is connected to fluid exhaust means. 
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22. The rotary pressure swing adsorption apparatus according to claim 1 
wherein the first manifold is connected to a compressor and the second manifold is 
connected to fluid exhaust means, and wherein the fluid delivery means and the fluid 
exhaust means are operably coupled to a motor. 

. 5 ■ ' • . " " 

23. The rotary pressure swing adsorption device according to claim 1 where 
flie fluid ports are tapered. 

24. A rotary pressure swing adsorption apparatus^ comprising at least one 
10 module which includes: 

a plurality of adsorber elements; 
a £b:st stator defining plurd fliud inlet ports; 
a first manifold for recdving a feed fluid md be^ 
coiq>led tfarougjbi the fluid inlet ports to first ends of the adsorber el^ents in adsorber 
15 sets; 

a second stator comprismg pressure swing adsoiption cycle sectors, 
being defined by a fight product defivery port, figjbt product withdrawal ports, and fight 
reflux return ports; and 

a second manifold intemiittently fluidly cotipled to first ends of the absorber 
20 elements in the adsorber sets for recdving an exhimst fluid fix>m 
. adsorber elepoients. 

25. The rotary pressure swing adsorption apparatus according to claim 24 
where the first and second manifolds are interpenetrating, layered manifolds. 

25 

26. The rotary pressure swing adsorption device according to claim 24 where 
the manifolds are substantiaUy planar layered manifolds. 
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21, The rotary pressiire swing adscnrption device according to 
the manifolds are interpenetrating. 

28. The rotary pressure swing adsorption device according to claim 24 where 
5 the manifolds are nested, concentric manifolds positioned about a radial flow module. 

29. The rotary pressure swing adsoiption device according to claim 28 where 
the ihanifolds are inteipenetrating. 

10 30. The rotary pressure swing apparatus according to claim 25 where the 

second niahifold receives air through a fluid (^nduit peto^ 
manifold. 

31. The n>ta]^ pressure swing adsorption apparatus according to claim 24 
15 fiirflier including seals in the valve faces positioned effectively to minimize fluid leaks. 

32:. The rotary pressure swing adsorption ^aratus according to claim^ 
wherein ends of the adsorber elements are in direct, fluidly sealing contact with the 
stators. 

20 ■ . . 

33. The rotary pressure swing adsorption s^aratus according to claim 24 
including a seal located adjacent oiie of the stators and jBr^ 

elements and positioned efTectively to reduce fluid leaks, and second ends^^^ 
adsoiber elements are in direct, fluidly sealing contact with the other of ttie statprs. 

•25 

34. The rotary pressure swing adsorption device according to claim 24 where 
ends of the adsorber elements are positioned within from about 1 0 microns to about 50 
micronis of stator vialve faces. 



wo 02/24309 



PCT/USOl/30134 



52 



10 



35. The rotary pressure swing adsorption device according to claim 24 where 
ends of the adsorber elements are positioned within from about 0 microns to about 10 
microns of stator valve faces. 

36. The rotary pressure swing apparatus according to claim 24 where the 
aidsorber elements include first and second ends» spacers to define flow channels 
between the first and second ends, and at least one of the adsorbfsr elements includes a 
filler material in a portion of the flow channel adjacent at least one of the first and 
second ends. 

37. Tlie rotary pressure swing ad50iptionq>paratus according to clai^ 
where plural adsorber elements include filler material adjacent at least one of the first 
and second ends. 



15 38. The rotary pressure swing adsorption apparatus according to claim 36 

. where the adsorber elements include filler material adjacent tx>th the first and second 
ends. 

39. The rotaiy pressure swing adsorption device accordiiig to claini 36 where 
20 the filler material is selected fi*om the group consisting of ceramics, metals, plastics^ arid 

combinations thereof. 

40. The pressure swing adsorption ^paratus according to claim 24 where 
there are three adsorber elements in the sector, with each adsorber element belonging to 

25 a different adsorber set. 



41 . The pressure swing adisorption apparatus according to claim 40 wherein 
light reflux withdrawal ports are intennittently fiuidly coupled to angularly lagging 
fluid return ports. 
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42. The pressure swing adsorption apparatus according to claim 24 wherein 
the fluid ports are arranged such that second ends of the adsorber elements are 
intermittently sequentially fluidly coupled to the first light product delivery port, the 

5 light reflux withdrawal ports, and the light reflux return ports. 

43. The pressure swing adsorption apparatus according to claim 24 wherein 
each sector comprises a light product delivery port, a first light reflux withdrawal port, a 
second light reflux withdrawal port, a third light reflux withdrawal port, a third light 
reflux return port, a second light reflux return port, and a first light reflux return port 

44. The pressure swing adsoiption s^aratus according to claim 43 fi]r& 
conoprising a plurality of fluid conduits sealingly coupled to the first light reflux 
withdrawal port, the secbnd light reflux withdrawal port, the third light reflux 

IS withdrawal port, the third light reflux return port, the second light reflux return port, and 
the first light reflux return port 

45. The pressure swing adsorption apparatus according to claim 44 wherein 
the first light reflux withdrawal port is fluidly coupled to the first lig|ht reflux return 
port, the sjbcond light reflux wi&drawal port is fluidly coiQ>led to a buffer chamber, the 
buffer chamber subsequently being fluidly coiq>led to the second ligjit return por^ and 
the fliird light reflux withdrawal port is fluidly coupled to the fhird light jreflux retiun 
port. 

46. The pressure swing adsorption apparatus according to claim 24 wherein 
file fluid ports are arranged such that the second ends of the adsorber sets are 
sequentially fluidly coupled to the first product delivery port, the first li^t reflux 
withdrawal port, the second light reflux withdrawal port, the third hgh^ 
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withdrawal port, the third light reflux return port, the second light reflux return port, and 
the first ligiht reflux return port. 

47. A rotary pressure swing adsorption device, comprising: 
5 a stator defining plural fluid ports; 

a plurality of ddsbiber elements having first and second ^ 
elements being operably coupled to a rotor capable of rotation relative to the stator for 
rotatii^ ends of the adsorber elments adjacmt the fluid ports, at least a portion of the 
adsoiber elements having reinforcing material adjacent the first end, flie second end or 
0 both, and fiulfaer with such elements direcfly fluidly coupling to the fluid ports; 

a first annular manifold for receiving a feed fluid and being intermittently fluidly 
coixpled through the fluid ports to first ends of the adsorber elements in adsoiber sets; 
and 

a second annular iaanifold intennittenfly fluidly coupled to first ends of the 
5 absoiber elements in the adsorber sets for receivmg an exhaust fluid fix>m the first end 
of the adsorber elements through plural exhaust ports defined by the stator and through 
a fluid conduit penetrating through the first manifold. 

48- A rotary pressure swing adsorption device for perfonning plural pressure 
) swing adsorption cycles per revolution, including a module comprising: 
a first stator havmg a first valve face and defixmg plurd functi^ 
a second stator having a first vdve face and defining plural fimct^ 
plural adsoiber elements positioned between the first stator and the second 
statorj the adsoiber elements rotated by a rotor relative to the first and second stators; 
5 a first manifold for delivering a feed fluid to first ends of flie adsorber elements 

through the function ports defined by the &st stator, ttie feed fluid undergoing pressure 
swing adsorption in the adsorber elements whereby a portion of a light fluid exiting a 
second end of a first adsorber element in a first adsoiber set is delivered through a 
product port, a second portion of a light fluid is deUvered as a first Ught reflux portion 
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through a first light reflux port fluidly coupled to a first adsorber element in a third 
adsorber set lagging the first adsorber set, a third portion of a light fluid is delivered as a 
secx)nd light reflux portion to a buffer chamber, a fourth portion of a light fluid is 
withdrawn as a third light reflux portion through a third light reflux port fluidly coupled 

5 to a first adsorber element in a leading second adsorber set; and 

whereby a portion of a light fluid delivered by a last adsorbs element in a third 
adsQiber set is delivered through a third light reflux port to a second end of the first 
adsorber element in the first adsorber set, a portion of a ligfht fluid delivered by the last 
adsorber element of a third adsorber set is deliva?ed 6om a buffer througih a second 

10 ligiht reflux port to a second end of the first adsorber element in the fij:5t adsorber set, 
and a portion of a fluid delivered by a last adsorber element in a second adsoiber set 
delivers a first light reflux portion througfb a first ligiht reflux return port to a second end 
of flie first adsorber element in the first subset. 

15 49. The rotary pressure swiiigadsoriition apparatus acc 

wherein the adsorber elements comprise a spirally wound adsotbent sheet. 

50. The rotary pressure swing adsorption ^paratus according to claim 49 
fiirthor comprising radially extending spacers disposed between the spirally wound 

20 adsorbent sheet to define flow channels. 

51. The rotary pressure swing adsorption apparatus according to claim 47 
wherein the adsorber elements comprise a finit end and a second end, and the first and 
second ends are reinforced. 



25 



52. The rotary pressure swing adsorption apparatus according to claim 51 
wherein the adsorber element comprises first and second zones disposed between the 
first and second reiiiforced ends whereiii the first zone includes a desiccant and the 
second zone includes a zeolite. 
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53 . The rotary pressure swing adsorption apparatus according to 48 . 
comprising a plurality of amular layered, interpenetrating manifolds. 

5 54. An adsorber element for use with a pressure swing adsorption apparatus^ 

comprising: 

pliiral fluid channels having first and second ends; and 

metal strips or filler material for at least a portion of the fluid channels 

and positioned adjacent at least one of the first and second ends for reinforcing the 
10 channels, the filler material being selected fi-om the group consisting of clay, glass, 

ceramics, polymeric materials, sol-gels, metals and combinations thereof 

55. The adsorber element according to claim 54 comprising filler material 
. for reinforcing substantially all of die fluid channels. 

15' ■ • ■ 

56. The adsorber element according to claim 53 and comprising filler 
material adjacent both the first and second ends. 

57. The adsorber element according to claim 53 where the ends are 
20 reinforced against erosion by fluid flow. 

58. The adsorber element according to claim 53 where the ends are 
reinforced agaiiist abrasion with the valve faces. 

i25 59. A rotary pressure swing adsorption device, comprising: 

an adsorber housing; and 

a spirally wound adsorber housed in the housing, the adsorber haying first and 
second ends engaging valve faces. 
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60. The rotary pressure swing adsorption device according to claim 59 where 
the first and second ends have a clearance between valve faces o if firom about 0 to 
about 10 microns. 

5 61. The rotary pressure 6wing adsorption device according to claiim 59 an 

including plural spirally wound adsorbers. 

62. A rnethod for separating at least one fluid fix>m a mixture of ^ 

a rotary pressure swing adsorption apparatus having a plurality of adsoiber elements 
10 annularly arranged in adsorber sets about a rotor portion of tihie apparatus, comprising: 

supplying at least one feed fluid to pressurize an adsorber element of the 
adsorber sets to substantially a higher pressure; 

deliveidng first product fluid at substantially the higb^ pressure; 

withdrawing light reflux fluid; 

15 transferring light reflux fluid to a different portion of the apparatus; 

exhausting at least one second product gas at substantially a lower pressure; 

. receiviiig at least one light reflux fluid firom a di£f(^:ent portion of t^^ 

performing the process at a plurality of locations simultaneously; and 

performiiig multiple pressure swing adsorption prQcie^ 

20 rotor: 

63. The method according to claim 62 wherein the withdrawn ligiht reflux 
fluid is coniprised of first, second, and third portionis.^ 

25 64. The method according to claim 63 wherm the first Ug^^ 

transfOTed to a second end of an adsoiber element of a lagging adsoiber set. 



wo 02/24309 



PCT/USOl/30134 



58 



65. The method according to claim 63 wherein the second light reflux fluid 
is transferred to a pressure equalisation portion of the apparatus. 

. 5 66. The. method according to claim 63 wherein the third li^t reflux fluid is 

transferred to a second end of an adsorber element in a leading adsorber set. 

67. The method according to claim 62 wherein received Ug^t reflux fluid is 
comprised of first, second, and third portions. 

10- • ■ _ 

68. The method according to claim 67 wherein the first Ught reflux flm^ 
received firom the second end of an adsorber element of a leading adsorber set. 

69. The method according to claim 63 wherein the second light reflux fluid 
IS is received fi:om a pressure equalisation portion of the s^aratus. 

70. The method according to claim 67 wherein the third light reflux fluid is 
received firom a second end of an adsorber element of a lagging adsorber set. 

20 71. The method according to claim 62 herein witi^dra\^ 

fluid i^artiiEdly depressurise^ the adsorber elemeh^^ 

72. The metfapd according to claim 62 herein returning light reflux fluid 
purges and partiaUy rqii^surizes flie adsorber element 
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73. The method according to claim 62 whorem eac^^ 
undergoes 2 to 10 pressure swing adsorption cycles per revolution of the q)paratus. 

5 74. The method according to claim 73 wherein each adsorber element 

undergoes 6 pressure swing adsorption cycles per revolution of the rotor. . 

75. A method for separating at least one fluid &om a mixture of fluids using 
a rotary pressure swing adsorption apparatus having a plurality of adsorber elements 

10 annularly arranged in adsorber sets about a rotor portion of the apparatus, comprising: 
admitting feed fluid to first ends of first adsorber elements in plural adsoxfaent 
. element sectors at an intermediate pi^sure between a lower operating pressure and a 
higher operating pressure; 

pressurizing plural first adsorber elements to the higher operating pressure over 
15 a time period t fi'om process initiation to about T/6 where T is a PSA cycle p^od; 

withdrawing hg^t reflux product at the higher operating pressure oyer a time 
period of firom about T/6 < t <T/3; 

witiidrawing a second light reflux portion to depressurize adsorber elements 
toward a second intenhediate pressure oyer a time period of T/3 < t < T^^ 
20 withdrawing a third light reflux portion as purge flow for adsorber elements in 

another adsorber element set at about T/2; 

exhaustmg a heavy product emidied in a more readily adw 
depressurizing adsorber el^ents over a time period of f^m about T/2< t < 5T/6; and 
repressuiizing adsorber elements from the lower pressure to thei first 
25 intermediate pressure by transferring second li^t reflux fluid to fhe second ends of the 
adsorber elements over a time period of &om about 5T/6 < t < T. 

76. The method according to claim 75 and fiulfaer including withdrawing a 
first light reflux portion at about T/3, and admitting first hght reflux fluid flow to die 
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second ends of adsorber elements to pressurize the adsorber elements to the first 
intermediate pressure. 

77. A method for making adsorber elements having narrow reinfo 
5 channels, comprising: 

providing an adsorber having first and second ends and defining narrow flow 
. channels haying a width and a height, the width being bom about 1 to about 100 tunes 
. the height of the channel; 

placing a fiigitive material within the channel at the first and second ends; 
10 adding a reinforcing material to the first and second ends and aboiit the fugitive 

material, and allowing the reinforcing material to cure in place about the fugitive 
material; and 

removing the fugitive material to define fluid flow ^eit^^ 
reinforcing material at the first and second ends. 

15 . . ■ • ■ 

78. The method according to claim 77 where the narrow flow channels ha 
a width of fix»m about 1 to about 20 times the height of the channeL 
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